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Abstract 
This thesis develops methods to increase the amount of renewable energy sources 
that can be integrated into a power grid. The assessed methods include i) dynamic 
real-time assessment to enable the grid to be operated closer to its design limits;  
ii) energy storage and iii) coordinated control of distributed production units. 
Power grids using such novel techniques are referred to as “Smart Grids”. Under 
favourable conditions the use of these techniques is an alternative to traditional grid 
planning like replacement of transformers or construction of a new power line. 

Distributed Energy Resources like wind and solar power will impact the 
performance of the grid and this sets a limit to the amount of such renewables that 
can be integrated. The work develops the hosting capacity concept as an objective 
metric to quantify the ability of a power grid to integrate new production. Several 
case studies are presented using actual hourly production and consumption data. It 
is shown how the different variability of renewables and consumption affect the 
hosting capacity. The hosting capacity method is extended to the application of 
storage and curtailment. The goal is to create greater comparability and 
transparency, thereby improving the factual base of discussions between grid 
operators, electricity producers and other stakeholders on the amount and type of 
production that can be connected to a grid. 

Energy storage allows the consumption and production of electricity to be 
decoupled. This in turn allows electricity to be produced as the wind blows and the 
sun shines while consumed when required. Yet storage is expensive and the 
research defines when storage offers unique benefits not possible to achieve by 
other means. Focus is on comparison of storage to conventional and novel methods. 

As the number of distributed energy resources increase, their electronic converters 
need to provide services that help to keep the grid operating within its design 
criteria. The use of functionality from IEC Smart Grid standards, mainly IEC 
61850, to coordinate the control and operation of these resources is demonstrated in 
a Research, Development and Demonstration site. The site contains wind, solar 
power, and battery storage together with the communication and control equipment 
expected in the future grids. 

Together storage, new communication schemes and grid control strategies allow for 
increased amounts of renewables into existing power grids, without unacceptable 
effects on users and grid performance. 

Key words: Electric Power Systems, Renewable Energy, Energy Storage, Hosting 
Capacity, Curtailment, Power Utility Automation, IEC 61850, Smart Grid 
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ICT Information Communication Technology 
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RD&D  Research, Development and Demonstration site 
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TSO Transmission System Operator 

UPS Uninterruptible Power Supply 

VPP  Virtual Power Plant, DER aggregation controlled as single power plant 
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Chapter 1  

Introduction 

The aim of this doctoral thesis is to develop and verify methods to increase the 
amount of renewable energy that can be connected to existing electrical grids. The 
work is divided into a theoretical and practical part. The theoretical work focuses 
on methodology to quantify performance indices of the electrical grid and evaluate 
different technologies that allow more renewables. The practical work assesses the 
available IEC Smart Grid standards, implementing them in a Research, Develop-
ment and Demonstration site with wind and solar power together with battery and 
hydrogen storage. The facilities are fully integrated with the medium voltage grid. 

1.1 Motivation 

The objective of the electrical power system is to deliver energy at the required 
reliability level and at the lowest economical, social and environmental cost. 
Electricity is an instantaneous commodity that must be consumed at the moment it 
is produced. The electrical grid is a gigantic interconnected system that can span 
entire continents. Within a synchronous area each machine and each generator is 
electrically coupled experiencing the same oscillations of alternating current from 
South Sjælland in Denmark to the North Cape of Norway (in case of the Nordic 
synchronous system) and from Sagres in Portugal to the Polish-Lithuanian border 
(in case of the synchronous system of the European continent). In principle each 
light that is switched on must be balanced by an increase in production; otherwise 
there will be a slight frequency decay that affects all other loads on the system. 
Such impacts are small on the entire system. A single domestic solar panel taken in 
isolation will usually have no visible impact on the external grid. However, if all 
domestic solar installations have the same reaction, their combined impact could 
have a potentially destabilising effect on the system [1] [2]. 
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In the western world the expansion of the electrical grid infrastructure had been 
mostly completed by the end of the 1970s. Large power plants distributed 
electricity through progressively lower voltages levels towards the end-users. These 
end-users were passive consumers of electricity. Operators and planners could 
assume a one way power flow from the transmission grid, where the main power 
plants were connected, to the end-users. Electricity production was adjusted to meet 
the instantaneous consumption in the grid. 

Since the 1980s, the amount of renewable electricity production has been growing 
rapidly in many parts of the world. In Denmark 34 percent of the electricity 
produced in 2013 came from wind energy [3], during certain hours producing more 
than 100 % of the country’s consumption [4]. Also in Spain wind power was the 
top electricity source in 2013 [5]. In the years during which this research was 
undertaken (2010-2013), the installed capacity of solar photovoltaic’s has grown at 
a rate of up to 50 % per annum in Germany [6] and in 2013 supplied as much as 45 
% of the electricity need during certain summer hours [7] (even though electricity 
from PV only met 5.3 % of the consumption on an annual basis [8]). There are 
multiple reasons for the growth in renewable energy: individuals strive to become 
self-sufficient in electricity; political will to increase the number of producers on 
deregulated electricity markets; reduce dependence on imported fossil fuels, 
environmental targets on global warming; and social rejection of nuclear energy, to 
name a few. The EU’s objective is to reduce domestic emissions to 80% of 1990 
levels by 2050 [9] and California’s plan is that 33% of the state’s electricity should 
come from renewables by 2020 [10]. A substantial increase in the amount of 
energy production from renewables is crucial to meeting such climate goals [11]. 
Reducing green house gas emissions in the entire energy sector also requires an 
increased use of electricity as an energy carrier [12]. 

While electricity consumption has always fluctuated over the course of a day the 
increased amount of renewable and distributed resources imply that the grid will 
also need to cope with production that varies as the wind blows and the sun shines. 
The underlying question to both the practical and theoretical work is not if but how 
the electrical grid should integrate more distributed renewable energy resources 
without unacceptable effects on users and grid performance, and without 
unreasonable increases in costs. The need to solve this technical challenge is the 
main motivation for the work described in this thesis. 
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1.2 Objective  

This thesis is part of a joint research project aimed at finding solutions for 
optimised control in real time of distributed renewable power production, storage 
and demand response. The overall aim of the work presented in this thesis is to 
define the requirements and possibilities to increase the proportion of renewable 
and distributed energy in the electrical grid. 

Without a firm framework in which to evaluate the grid limitations there can be 
little accountability for a statement how much renewables can and cannot be 
incorporated into electrical grids. The lack of measures to create more 
comparability and transparency during grid development has been stressed by e.g. 
[13]. Some countries have imposed an obligation on the grid operator to provide 
access for renewable production. In other countries potential producers are subject 
to the grid operator’s judgement on what a grid can accommodate and which 
investments are required to allow the new production. What is important here is 
that regulators and plant owners can verify when and why, for instance, a new 
transmission line has to be built. This is important to ensure fair cost-sharing and 
guarantee that investments are most efficient for society as a whole. The proposed 
response to the need for comparability and transparency is the hosting capacity 
method. The hosting capacity method [14][15][16] intends to meet this need 
through an objective and factual limit that new production must stay within; 
something that in turn allows grid operators, regulators and existing and potential 
plant owners to stand on more equal grounds during discussions about the limits of 
the electrical grid. 

Compensating for the variable production by wind and solar power will allow a 
higher degree of these renewables into the electrical grid or, in other words, 
increase the grid’s hosting capacity. One way to achieve this is with storage.  

Replacing highly controllable conventional power plants fuelled by fossil fuels 
with variable renewables is a challenge for the grid operators [17]. Distributing 
production into the lower voltage levels introduces varying power flows. Weak and 
double-end in-feed becomes common place and the traditional transmission level 
protection solution must be implemented widely at lower voltage levels. This 
requires communication or, to be more accurate, exchange of information using 
modern information communication technology and standards. 

While storage and communication are the main scope of this thesis other solutions 
exist to allow more renewables. The myriad of expected power electronic 
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converters can use their reactive power capabilities to regulate voltage in active 
distribution grids. Electrical loads could respond to varying production, shifting 
consumption to times of high availability of renewables, thus achieving similar 
benefits as electrical storage. Communication, storage, active distribution grids and 
demand-response schemes are a few of several solutions that are often collectively 
referred to under the name “Smart Grids”. Such solutions can represent cost-
effective supplements to classical grid investments. The study of how such methods 
can contribute to a higher penetration of renewable energy is a vital component 
allowing the transformation of the energy sector towards a more environmentally 
sustainable system. Hence to quantify, compare and evaluate which method is most 
efficient is the wider scope of the theoretical framework developed in this thesis. 

The thesis looks into applications such as curtailment (where the power output of a 
production unit is reduced in a controlled way to adjust to the grid’s real-time 
performance) or aggregation (the combination of small production units to enable 
coordinated control in order to make them appear to the grid operator as a single, 
larger, power plant). These applications utilise a communication infrastructure and 
control schemes that enable safe operation of the grid beyond the limit imposed by 
traditional grid planning. Although the existence of a communication network is 
required the thesis doesn’t look at communication per se. It is not the 
communication infrastructure and protocols that stand in focus but the information 
that must be conveyed. What matters is the data model structure (syntax), the 
defined names (semantics) and the standardised methods for seamless data 
transaction (protocol independent services). This is the communication concept that 
permits a flexible, semi-autonomous and interoperable network and allows multiple 
distributed energy resources into the electrical grid. 

If the vision of the future grid is to be realised, the number of communicating 
devices will have to increase from thousands to millions (although not every device 
will need to talk to every other one). This requires less engineering intense methods 
to configure and manage the operation of the equipment. The practical applicability 
of proposed schemes must be ensured. Scalability of solutions needs to be 
demonstrated. For this reason, the thesis is not limited to theoretical assessments of 
various technologies and their potential gain. Equal weight is given to the 
construction and verification of ideas in a research and development site in Ludvika 
Sweden, using the latest in international standards and state-of-the-art 
communication technology. 
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1.3 Contribution 

The Hosting Capacity (HC) method allows an objective quantification of the 
advantages of storage and communication compared to existing technologies. The 
main contribution of this work lies in the development of a computational 
framework for assessing the increase in hosting capacity when storage or 
curtailment schemes are deployed. Correctly used the hosting capacity method 
provides objective, factual, limits that new production must stay within. This 
allows a greater comparability and transparency towards the different stakeholders, 
including utilities and owners of distributed energy resources. 

In this work the hosting capacity concept has been extended to determine not only 
capacity but also to quantify delivered energy to an electrical grid. The method has 
been successfully applied to overloading and dynamic line rating (Paper I Hosting 
capacity limits, curtailment and line overloading) as well as to overvoltage (Paper 
II Curtailment and transformer overloading) and to operational reserves in 
subtransmission grids (Paper III Risk-analysis of new grid operation paradigms). 
All three papers quantify the advantages of curtailment and the latter two also look 
at the information and communication requirements for the proposed schemes. 

Specific focus in the work has been on the development of a methodology to 
determine the improvement to grid performance indices from energy storage 
installations. The methodology can be used to find appropriate capacity and power 
ratings of storage for a given amount of installed capacity of solar or wind power. 
The potential of energy storage for connecting renewable electricity production is 
studied in Paper IV Use of storage to increase hosting capacity. As the cost of 
battery energy storage today is considerable it is important to determine when it 
provides benefits not possible to achieve by other methods. Derived is a method for 
the sizing of power ratings and capacity to ensure that the storage capacity is used 
efficiently. Beyond research and education the “third obligation” of Swedish 
universities, is to co-operate with the surrounding community and give information 
about their activities [18]. For this reason a step-by-step decision making process 
for utilities to identify such applications and locations in the grid is provided in 
Paper V When to apply battery storage. 

The grid hosting capacity for renewables is strongly dependent on the mix of 
energy sources [15]. By coordinating the control and operation of different 
renewables with storage facilities the grid is able to allow even higher penetration 
of such Distributed Energy Resources (DER). The aggregated units are called a 
Virtual Power Plant (VPP). While it is relatively straight-forward to assess the 
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economic profits from participation in spot and balance markets from various 
production and storage units, the quantification and evaluation of the ancillary/grid 
services from the units is considerably more intricate and involves the real-time 
influence of the local grid. Paper VI Coordinated control of DER – potential, 
quantifies the gains from an aggregation of such distributed resources in an existing 
subtransmission grid. 

The practical implementation of the aggregation in Paper VI is described in Paper 
VII Coordinated control of DER – implementation. The contribution of this paper 
is in the gap analysis of existing Smart Grid standards and the assessment of the 
applicability of these standards through the performed implementation. The 
contribution of the practical part of the work is to integrate the renewable 
production and storage components expected in the future grids and to test them 
together with the latest information communication technologies. For this a 
Research, Development and Demonstration (RD&D) installation was created at 
STRI AB in Ludvika, Sweden. Through this work new research needs are 
identified as well as required standardisation activities. For example; the final paper 
(Paper VIII Interaction of DER electronics) includes experimental observations on 
the potentially harmful interaction of off-the shelf electronic converters in future 
grids – identifying the need for further research into such potential interaction and 
mitigation methods in the control of Smart Grids. 

1.4 Outline of thesis 

The first part of this thesis, together with the first six appended papers, describes 
the background and theoretical contribution of the research. In Chapter 2 the 
possibilities for integrating renewables into the power grid are considered. The 
hosting capacity method is described in Chapter 3. A general presentation of the 
concept and literature study is followed by the original contributions of this work in 
Section 3.5 and 3.6. Chapter 4 is about storage of electrical energy. 
Communication, in the context of the Smart Grid, is presented in Chapter 5.  

The second part of the thesis (Chapter 6), and the last two appended papers, 
describe the practical implementation done in a Smart Grid Research, Development 
and Demonstration (RD&D) platform with wind and solar power, battery and 
hydrogen storage fully integrated with the medium voltage grid. The third and final 
part of the thesis provides a brief summary of the findings and results of the eight 
appended papers (Chapter 7). Some recommendations for future research are given 
in Chapter 8.   
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Increase Wind Power Hosting Capacity in Subtransmission Network”, Elforsk 
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Virtual Power Plant integration”, report to INSTINCT project within KIC 
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2012 N. Etherden, S. Ackeby, L. Weingarten, ”Conditions for Energy Storage in 
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2012 S. Ackeby, L. Weingarten, N. Etherden, ”Technical Dimensioning - Example” 
(Original title in Swedish: Teknisk dimensionering - exempel), appendix 3 to 
Elforsk report 12:44 

2012 N. Etherden, M. H. J. Bollen, “Effect of Large Scale Energy Storage on CO2 
Emissions in the Scandinavian Peninsular”, Tenth Nordic Conference Electricity 
on Distribution System Management and Development (NORDAC), Esbo 

2012 M. H. J. Bollen, S. Cundeva, N. Etherden, K. Yang, “Considering the Needs of 
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Chapter 2  

Integrating Renewables 

Renewable energy is not cheap, but nor is 
continuing with fossil fuels and nuclear. 
Huge investments are required in any case – 
we can decide what to invest in. 

Lars Georg Jensen. Chief Adviser, International 
Affairs, Danish Energy Agency [19] 

 

In order to achieve a sustainable energy sector more renewable electricity 
production is to be integrated in the electrical grid [11]. One of the issues to handle 
is the fluctuating production from wind, sun, waves and tides. This section focuses 
on the characteristics of the Distributed Energy Resources (DER) and the 
challenges faced to transmission and distribution systems when increasing the 
amount of renewables. The focus is on power system phenomena, rather than on 
the electric characteristics of the production units or power electronic components 
used to connect them to the grid. As the renewable energy sources might not be 
available when the demand is greatest their integration in the distribution grid will 
require a combination of overcapacity, possibilities to shift consumption to times of 
plentiful production and probably also a certain amount of energy storage. 

2.1 Handling variability 

Incorporating vast amounts of variable renewable production is a challenge [17]. 
Concerns at transmission and system operation level when integrating vast amounts 
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of renewables include the low predictability and strong variations in production. 
The advantage of traditional power plants fuelled by fossil fuels is that they are 
dispatchable, i.e. the production can be increased or decreased at short notice. Bio- 
and hydro-power (when connected to a reservoir) are also dispatchable. With 
varying energy resources such as wind and solar power not only the consumption 
will fluctuate but also the production will vary as the wind blows and the sun 
shines. One way of increasing dispatchability is to pass a portion of the produced 
energy through an intermediate storage facility. 

The sporadic, irregular production of renewables will alternate beyond control of 
the grid operator and without correlation to consumption. This is referred to as 
variability or intermittency. The degree of variability will vary for different 
renewables. Several measures of this variability can be developed: 

 Capacity factor of the production: The ratio of the actual output of a power 
plant over a period of time and its potential output if it had operated at full 
rated nameplate capacity the entire time.  

 Capacity factor of the electrical grid infrastructure: While the above capacity 
factor is mainly an economic issue for the owner of the production unit, the 
efficient utilisation of the grid is important for both the operator (profitability 
of investment) and grid owners (not to have greater than necessary 
investments added to the tariff). This could be defined as the average used 
capacity as a fraction of the design rating for the peak capacity. A marginal 
grid capacity is then defined as the amounts of kWh that are transported for 
each additional kW capacity that is added through a traditional grid 
investment like a new cable or upgrade of a transformer. A corresponding 
measure would be how much additional kWh capacity is available by 
introducing a “Smart Grid” solution like a curtailment scheme or dynamic 
line rating. 

 Capacity credit: The ratio of the additional amount of demand that can be 
reliably met to the additional rated nameplate capacity. 

 Ramp rate: Production increase per time period as a percentage of nominal 
power rating.  

 Correlation coefficient with respect to consumption. In distribution grids 
local production will decrease the need to transmit energy from the overlying 
grid. The correlation coefficient is the normalised covariance between 
production and consumption. A value near zero implies that there is no 
statistical correlation between production and consumption. A negative 
correlation implies that the production is highest when consumption is low. 
This is the case for wind that tends to be strongest in the night when the 
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demand for electricity is lowest, see Figure 2.1. A positive correlation will 
enable the integration of more DER and occurs for dispatchable loads like 
hydro whose production is maximised at times of high consumption.  

 
Figure 2.1 Average variation over a day between hydro and wind power with the total electricity 
consumption in Sweden for the year 2010. Each curve is normalised with its maximum value 
over the year. Hydro power is dispatched when the load is high while wind is produced when the 
wind blows, without relation to the consumption.  

The time characteristics of some DER resources are given in Figure 2.2. 

Throughout this work, data for consumption and the distributed energy resources 
have been collected from real measurements as described primarily in Paper I. All 
studies are done in the existing 10/50/130 kV grid that has 28 000 customers and 
transfers 1 TWh of energy per year. A description of the studied grid can be found 
in Paper I as well as in [20]. The same method and programme code have been 
applied also to other grids in the contributing papers [21][22]. 
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Figure 2.2 Intermittent character of renewable energy resources used in this work. The correlation 
coefficient is between the production and the consumption in Paper I and has been normalised to 
its maximum production to allow comparison between the various renewables. The ramp rate is 
expressed as the largest change in production during an hour, as percentage of the rated capacity. 

When renewable resources are distributed over larger geographical areas the 
relative variation will decrease. This can smooth the variation considerably as seen 
in Figure 2.3 where the grouping of turbines decreases the variation and ramping 
rate compared to a single turbine. 
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Figure 2.3 Normalised wind power output for a single turbine and the entire country of Sweden. 
The data is for the 50th to 150th hour of 2008. (2008 is selected as the wind power at this time 
was mainly concentrated to the south-west region where the turbine stands).  

The lack of predictability means that the transmission system operator and balance 
responsible parties are dependent on accurate weather forecast for the coming days. 
The balance responsible party undertakes to plan, on an hourly basis, the 
production (and purchasing of power) in such a way that it corresponds to the 
anticipated consumption (and sales) [23]. Even if it is possible today to estimate 
energy in a forthcoming wind front fairly accurately see Section 8.4 of [14], its 
arrival can be delayed by an hour or two giving large prediction error, as illustrated 
in Figure 2.4. 

 
Figure 2.4 Prediction error of wind power production in north eastern Germany for 24 hours in 
February 2009. The 1000 MW prediction error corresponds to about 10 % of rated capacity. 
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2.2 The integration challenge 

At distribution level the technical challenge is about the grid capacity rather than 
the variability of the production. As described in Section 2.1 the consumption and 
production peaks do not coincide, creating large variations in power flow and low 
utilisation of the peak capacity of the grid. The grid capacity is determined by the 
maximum power flow. More accurately: what matters is the largest difference 
between local production and consumption as this will determine the largest 
possible power flow as shown in Figure 2.5. 

 
Figure 2.5 Exceeding hosting capacity limit due to production and consumption. 

Today the power flow in most distribution grids is dominated by consumption and 
new production will initially decrease loading. When local production exceeds the 
minimum load, “back-feed” can occur. Together with modified source impedance 
of the grid and risk of unintentional islanding the back-feed is troublesome for 
operation and protection settings. As the maximum current is usually from 
consumption it will increases with local production only once the maximum 
reversed power flow from production exceed the maximum net consumption. 

A rule of thumb for a distribution grid is that the voltage depends on the length of a 
feeder. In rural areas the issue is therefore not so much the thermal overload but 
high voltage magnitude caused by local production. Even with modest amounts of 
production the highest voltage will results from reduced voltage drop along the 
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feeder caused by production. Thus the maximum voltage will rise directly as 
production is added to the feeder (while the overloading may initially reduce) as 
shown in Figure 2.6. However, in both cases the underlying cause is periods of high 
production coinciding with low consumption.  

 
Figure 2.6 Schematic overview of voltage and current increase in a distribution grid due to new 
distributed generation. 

The utilisation of the grid capacity is normally rather low, which results in 
significant costs per MWh produced energy. If peaks in production can be taken 
care of, one way or the other, more DER can be connected without having to 
increase the grid capacity. It will then be possible to connect more DER without 
having to build new grid capacity and the costs per MWh for the electrical grid 
infrastructure will be reduced.  

When evaluating how a DER will affect the power grid the correlation between 
production and consumption is important (Figure 2.7).  

 
Figure 2.7 Correlation between wind production and consumption for node 2 of Paper I. The 
highlighted consumption and production pairs in the bottom-right corner correspond to the 
overloaded hours. In a grid where overloading is due to surplus consumption, the top-left pairs 
are the ones of concern. 

Likewise when including a mix of DER the probability that production of different 
energy resources may coincide is important. In Figure 2.8 the correlation is shown 
for wind and solar, indicating that large wind and solar production at the same time 
(top right) seldom occurs.  
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Figure 2.8 Correlation between wind and solar production shows that maximum wind and solar 
production are unlikely to happen at the same time. 

The daily variation of solar power is obvious. Its annual variation at a latitude of 
60° North is visible in Figure 2.2 C. The variation over the year of wind power is 
almost the opposite of solar. Data from a 34 MW wind park used in the appended 
papers shows that production is lowest during the summer as shown in Figure 2.9. 
This variation is similar to that reported for Germany [24], although the winters dip 
in production in December in Germany continues throughout February for the wind 
park in Sweden. Also the daily variation of wind power opposes that of solar 
power. For 2010 the 34 MW wind park production was 18 % lower at noon than its 
average value. (For all wind production in Sweden the corresponding reduction is 
7-8% [25].)  

 
Figure 2.9 Monthly variation of wind production for 34 MW wind park during 2009-2012. 
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2.3 Enabling more renewables in the grid 

There are several solutions allowing more renewables to be integrated into 
electrical grids and several solutions may be applied simultaneously. This work 
distinguishes between four types of solutions for integrating more variable and 
distributed production into the electrical grid. 

Traditional grid planning solutions: 

This may consist in building additional primary infrastructure (lines, cables, 
transformers). The capacity factor of the new infrastructure could be very low 
if peak load occurs infrequently, so the investment is not very cost-effective. 
Another issue with this approach is the often long lead times before new 
infrastructure is in place. This is still the "existing solution" and the one first 
considered by most grid operators. 

Decreasing operational margin: 

With better real-time estimation of the grid capacity the operational margins 
can be reduced. This in turns allows the existing infrastructure to be used more 
efficiently, i.e. with a higher capacity factor. This is the case for dynamic line 
rating and also for the approaches studied in Paper III Risk-analysis of new 
grid operation paradigms. 

Decreasing production to match consumption: 

Curtailment occurs when plants are required to reduce their generation output 
in order to maintain the operational limits of the grid. This may be a small 
gradual decrease of the production (referred to as soft curtailment in Paper II) 
or complete removal of production through measures such as inter-tripping 
(hard curtailment in Paper II). The soft curtailment requires a communication 
infrastructure and methods to assess the real-time performance of the grid and 
the appropriate production decrease. In a deregulated market without 
vertically integrated utilities, it requires willingness from grid users to 
participate and a legal framework allowing such participation. Also economic 
contracts are required to divide the loss of income from the fraction of the 
production that could not be delivered to the grid due to curtailment. Legal 
and economic aspects are outside the scope of this work and not discussed 
further. 
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Modify consumption to better follow production: 

Here there are two main solutions: price elasticity or the removal of loads by 
either load shedding or demand response. Demand response is the action 
resulting from management of the electricity demand in response to supply 
conditions [26]. Demand response is expected to be able to reduce the increase 
of peak demand, especially with a large proportion of electric vehicles with 
controllable loading [27]. The demand response implementation typically 
requires assessment of the supply condition and often a way to communicate 
the request of action to the involved equipment or users. 

Price elasticity is achieved through markets where the grid tariff varies with 
the available grid capacity. Communication infrastructure requirements are 
even bigger and will usually include the possibility to retrieve a price from a 
market actor and act upon it automatically by equipment or manually by the 
end-user. It is often not possible to predict behaviour of the grid users and it 
can be troublesome for grid operators to include  this uncertain market 
behaviour as part of their operation and planning. 

Shifting production or consumption in time: 

In the case that demand response does not result in a net reduction of 
consumption (but only moves the use of energy to a later point in time) it falls 
under this category instead of the former and is therefore sometimes referred 
to as virtual storage. 

The other alternative is installation of physical energy storage installations, 
which are the subject for Chapter 4 of this thesis. The coordination of storage 
and distributed energy production in a virtual power plant is a variant of this. 

 



Chapter 3  

The Hosting Capacity Method 

The determination of the relative merits or 
drawbacks of DER requires a precise 
methodology for the evaluation of costs and 
benefits of the different solutions. 

Jacques Deuse [28] 

This chapter introduces the Hosting Capacity (HC) method, a method to objectively 
determine the ability of an electricity grid to integrate new consumption or 
production. The goal is to create greater comparability and transparency in 
discussions between grid operators, owners of distributed energy resources and 
other stakeholders. After an introductory description of the concept in Sections 3.1 
to 3.3 the applications of the concept found in the literature are presented in Section 
3.4. The use of the hosting capacity concept has been recommended by the 
European energy regulators [29] and the European grid operators [30] as a way to 
quantify the performance of future electricity grids. How the concept is applied by 
regulators and utilities is described in Section 3.5. The contribution of this thesis is 
mainly in the extension of the hosting capacity concept to curtailment and energy 
storage. Therefore the application of hosting capacity to these two areas is 
described separately in Sections 3.5 and 3.5. The final section of this chapter 
presents different methods to increase the hosting capacity, both methods studied in 
this work and examples found in the literature are included. 

3.1 Background 

Uncertainty on how much wind and solar energy that can be connected to a 
distribution or transmission system may result in unnecessary barriers. This often 
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results from the grid operator concern that the distributed generation will cause 
unacceptable grid performance [31]. The hosting capacity concept was developed 
in an EU research project, EU-DEEP, (European Distributed Energy Partnership). 
It was first used in order to determine allowable grid penetration of Distributed 
Generation (DG). The term was first proposed by André Even and further 
developed by Math Bollen [28]. The intent was to quantify the impact of DG on 
voltage quality [32]. 

3.2 Definition and basic principles 

Adding new production or consumption in a distribution grid will affect the power 
flow, voltage quality, short circuit currents and other properties of the grid. The 
performance of the grid might improve or deteriorate for connected customers. In 
[14] the hosting capacity is defined as: 

The maximum amount of new production or consumption that can be 
connected without endangering the reliability or quality for other customers 

It can be calculated for individual locations but also for a larger area (e.g., the 
distribution grid behind an HV/MV transformer). 

Performance indices & HC limit: 

The hosting capacity approach defines a set of performance indices that are 
calculated as a function of the amount of new consumption or production. Indeed 
“the major advantage using this approach is that discussions about integration of 
new production are framed into a set of performance criteria” [33] “forcing the 
discussion towards a quantification of what is acceptable behaviour” [31]. 

Studied phenomena can be new intermittent production, like installed wind power, 
or new types of consumption, such as electrical vehicles being integrated in a 
distribution grid. Based on investigated phenomena different performances indices 
can be selected for evaluating the hosting capacity. The performance indices range 
from power quality (like highest 10-minute rms voltage, 95% of the 3-second total 
harmonic distortion) to economical parameters (e.g. annual energy not withdrawn 
from renewable energy resources). Examples of power system phenomena and 
related performance indices are given in Table 3.1. 
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Table 3.1 Examples of power system phenomena and related performance indices. 
Phenomena Performance Indices 
Overloading from wind power Maximum hourly value of current 

through transformer 
Frequency variation 99% interval of 3 s average of frequency 
Overvoltage from roof top solar 
photovoltaic cells 

Highest 10 min average of voltage  

Undervoltage from fast charging 
of electric vehicles 

Lowest 10 min average of voltage  

Protection mal-trip Lowest recorded current causing 
interruption 

Harmonics 10 min average of voltage and currents 

Thus “The hosting-capacity approach combines appropriate performance 
indicators with a limit of what constitutes acceptable performance” [34]. The main 
challenge is then to define a set of indicators and limits that cover the tasks of the 
power system. The basis is a clear understanding of the technical requirements that 
the customer places on the system (i.e. quality and reliability) and the requirements 
that the system operator may place on individual customers to guarantee a reliable 
and secure operation of the system [35]. Skill and power system knowledge must 
be applied so as to ensure that the indicators limiting the amount of new loads or 
production are not missed in the assessment. 

The hosting capacity will depend strongly on what is perceived to be acceptable 
limits [36]. Figure 3.1 gives an example of a hosting capacity limit. As the amount 
of production increases the performance index deteriorates. The hosting capacity is 
not when the performance starts to deteriorate, but when the deterioration becomes 
unacceptable. 

 
Figure 3.1 In the hosting capacity approach a performance index is considered. With the increase 
in DER an acceptable deterioration is defined. When the amount of new DER generation 
increases, the performance index will pass a limit after which the deterioration is unacceptable. 
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This implies that it is of paramount importance what is defined as unacceptable 
deterioration. It is therefore especially important what limits are set in standards 
and grid codes as this will profoundly affect the amount of DG that can be included 
in a grid. The limits set also influence the economics of DG as stricter than 
necessary limits will likely require more than necessary investments in the grid to 
handle the DG, and that in turn will make the cost unnecessarily high. 

Take as an example: If the hosting capacity is limited only by a few components in 
the grid it is possible to replace these components. On the other hand if the DG 
means that considerable amounts of the components exceed their design criteria the 
increase of hosting capacity will be harder, probably  unfeasible, to achieve. In the 
words of [37]: 

“If the number of elements that exceed given limits, especially concerning 
voltage and loading, is small, this does not mean, that the network has 
reached its hosting capacity as in reality these elements can be replaced or 
enforced easily. A more detailed analysis provides the evaluation of the 
frequency distributions of the loading of the elements and the voltages. For 
the investigations it was assumed that the hosting capacity of the network is 
reached when about 2 % of the network elements are overloaded.” 

Taking as a performance limit the overvoltage of a single component may therefore 
give a very restrictive level of permissible DG. Instead the amount of DG giving 
overvoltage to 2 % of the components may be a better compromise between the 
interests of the DG producers and grid operators. As this example illustrates both 
probabilistic limits and stochastic evaluation is preferable in the determination of 
the hosting capacity limit. Because of this the HC will be different for different 
types of DER and location of DER and, as stated in [31], “it will thus not be 
possible to give accurate values for the hosting capacity without doing a case-
specific study”. 

Hosting capacity limit: 

In the hosting capacity approach each phenomenon that is adversely affected by 
DER (e.g. voltage variations, harmonic distortion, voltage or frequency stability, 
protection operation) is quantified by one or more performance indices. For each 
index an acceptable degradation is defined [31]. Once one of these performance 
indices exceeds its limit, the hosting capacity is reached. This most severe limit is 
called the “hosting capacity limit”.  
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In [14] an approach for obtaining the hosting capacity is outlined. 

1. Choose a phenomenon and one or more performance indices. 
2. Determine a suitable limit or limits. 
3. Calculate the performance index or indices as a function of the generation. 
4. Obtain the hosting capacity. 

 

3.3 Example of hosting capacity 

In [38] several simple approximations to estimate the HC are introduced. The first 
HC for overloading is obtained assuming that no overloading situation exists before 
the introduction of DG. As long as the maximum power flow after connection is 
less than before, (albeit it may be in opposite direction) there will be no overload. 
This condition gives a lower bound for when production can cause overloading and 
is fulfilled when: 

Generationmax < Loadmax + Loadmin 

As an example of the hosting capacity consider the case of transformer overloading 
from Paper I. The performance index is taken from the maximum power flow (in 
MW) through the 55/38 kV transformer at Node 1. The rating of the transformer is 
53 MVA and this gives a limit of the performance index. A first estimation of the 
hosting capacity is possible from the examination of maximum and minimum of 
consumption and production from Table 3.2. From this we would expect 
overloading to occur only with an installed generation above 53 MW + 6 MW = 59 
MW.  

Table 3.2 Estimated and measured power flow performance index for determining the hosting 
capacity with respect to overloading of a 55/1398 kV transformer. 

Production Max=-38.9 MW Min=    -0.0 MW 
Consumption Min=  +6.0 MW Max= +53.4 MW 
Largest possible power flow  -32.9 MW             +53.4 MW 
Measured maximum power flow 
over 2 years 

-27.0 MW +50.7 MW 

Related phenomena  Overcurrent, 
Overvoltage 

Overcurrent,  
Under voltage 
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Calculating the exact hosting capacity requires detailed stochastic models of load 
and generation together [38]. Therefore the second hosting-capacity level is 
obtained by studies that “include the correlation between variations in load and 
variations in generation and the actual loading margins at the different locations” 
[38]. When a Power System Simulation tool is used to calculate the transformer 
loading for the grid with data according to Table 3.2 (taking into account actual 
consumption at each node and both active and reactive power) the limit was found 
to be 25% higher for the wind alone (equivalent to 74 MW wind and 5.4 MW 
hydro power). The higher hosting capacity limit in the simulation is due to the fact 
that within the two year measurement period the maximum production does not 
coincide with a time of minimum consumption. 

3.4 Applications of hosting capacity method found in the literature 

Up until beginning of 2013 over 150 scientific journal and conference papers have 
been published using the term hosting capacity. The number of publications has 
increased after 2010 as seen in Figure 3.2. The hosting capacity concept has been 
most widely used to evaluate benefits of different voltage regulation techniques, the 
amount of solar PV that a grid can host and the effect of electric vehicles. These 
three applications of the HC are described in separate subsections at the end of this 
section. The use of the concept has recently been adapted by both regulatory bodies 
and utilities in several countries including Italy, UK, and Australia. This use of the 
HC is dealt with in Section 3.5.  

As stated in Section 1.3 the contribution of this thesis is mainly in the extension of 
the hosting capacity concept to curtailment and energy storage. Therefore the 
application of HC to these two areas is described separately in Sections 3.5 and 3.5.  

Besides the uses of HC already mentioned above, the literature shows many further 
applications of the concept. This section first covers the other applications found in 
peer reviewed journals and conference proceeding between the years 2004 and 
2012, including an excerpt of publications from 2013. Publications are grouped 
after subject of study and then year of publication. 
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Figure 3.2 Number of publications in scientific journals and conference proceedings utilising the 
hosting capacity concept. The use of hosting capacity in 130 articles was reviewed. The 
publications included in the study were selected based on data queries in IEEE Xplore and 
Google Scholar complemented with cross reference checks of the paper’s citations. The numbers 
refer only to use of hosting capacity within the field of electrical engineering and energy, 
excluding other uses of the term in different fields. 

The term hosting capacity is similar to terminology used in other fields, e.g. within 
computer science where it can define the capacity of a web server to host many 
access calls. Many methods have been applied to examine the capacity of existing 
distribution grids to accept DG [39]. However some important differences do exist 
between methods. Most of the statistical approaches proposed in the literature aim 
at defining the optimal DG location and sizing [40]. This approach is not directly 
applicable in real life as grid operators in many countries are compelled to accept 
all requests of DG connection [40]. What is unique with the HC method is the use 
of power-quality indices and objectives in the assessment that often are statistical in 
their nature. However the indices are not limited to those that can be obtained from 
power-quality documents like [41]. Other performance indices like stability and 
protection and limits can be defined [31]. There also exists wording difference for 
identical or similar concepts used in parallel to HC. For example [39] use the term 
“network capacity” and [42][43] use ”absorption capacity”. Both authors had by 
2012 adopted the HC terminology as shown by [44][45][46]. 

The first publication on the hosting capacity of electrical grids appeared in 2004 
[47] followed in 2005 by several pioneering papers [48][49][35][50][51][28][52].  

In [50] is used to assess the Impact of increasing penetration of distributed 
generation on the number of voltage dips experienced by end-customers. The HC is 
described as especially valuable in this situation as there is “no general rule on how 
the dip frequency for end customers is impacted. It depends strongly on the 
transmission system, on the location and amount of large generator stations taken 
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out of operation, on the type of distributed generation and on the immunity of the 
end customers against voltage dips”.  

In [48] the effect of motor starting on the voltage and currents of weak grids is 
analysed. The HC method is used to determine the size of the largest motor that can 
be started without unacceptable effect on the grid. 

Limits to the hosting capacity of the grid for equipment emitting high-frequency 
distortion (2 to 9 kHz) are examined in [53] while HC is calculated and used to 
obtain suitable limits for voltage distortion in the same frequency range in [54]. 
Waveform distortion is analysed in the context of hosting capacity in [55].  

In [32] HC concept is applied to evaluate the performance of different protection 
schemes. Dynamic simulations are used to ”assess more precisely the risks of 
degraded performances of classic protection systems in presence of significant 
penetration of DER in distribution.” Assessed is DER penetration level for which it 
becomes necessary to i) change the current setting of one of the overcurrent relays; 
ii) introduce an additional time delay for one of the overcurrent relays; iii)  add 
additional circuit breakers or fuses and finally; iv) replace overcurrent relays by 
relays with a directional element. 

In [56] both a deterministic and a statistical approach are introduced to quantify the 
impact of wind power and other types of distributed generation on the overvoltage 
risk. 

The influences of DG on frequency control during normal and emergency 
operational conditions is studied using hosting capacity in [57]. In this paper the 
hosting capacity is taken as the maximal load deviation value ΔP that the primary 
frequency control is able to secure. This amount is given as: 

S depends on the governor’s droop 
                                                     parameter and D the DG’s damping constant. 

In [58] HC is used in a study to increase profitable of small combined heat and 
power plants (called micro-CHP) by making explicit the "network replacement" 
capacity they can offer.  

The influence of the neutral conductor cross section on the overall hosting capacity 
is studied in [59] and [60]. 

In [61] overvoltage is found to set the HC limit of DG and the impact of non 
controlled DER units in the voltage profile is developed and studied.  
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In 2008-2009 the Italian regulator AEEG (Autorità per l'energia elettrica e il gas) 
commissioned a survey of the MV and LV distribution system [62] the results were 
published in resolution ARG/elt 223/10 [63], The results of the Italian MV HC 
study is presented in [64][65] and published as resolution ARG/elt 25/09 [66][67]. 
These studies investigated the possibility of injecting power in each bus of the MV 
grid, without violating the thermal capacity of MV lines or the voltage variation 
constraints and without determining rapid voltage changes above predefined 
thresholds [68]. In order to evaluate the capability of Medium Voltage (MV) busses 
to accept distributed generation [64] simulated an increasing power injection at 60 
000 MV busses (6 % of the Italian grid). Through load flow calculations violations 
of operating limits for thermal, voltage and rapid voltage change where evaluated. 
Limits where mainly due to rapid voltage change and half the busses able to receive 
more than 6 MW. In [65] it was found that 85% of the busses in the sample can 
host at least 3 MW albeit an extended use of information communication 
technology may be required to avoid adverse effect to loss-of-main protection and 
to maintain system security.. It was also found that “thermal limits affect the busses 
close to the primary busbars, whereas RVC [rapid voltage changes] limits are 
stringent for busses far from primary busbars.” Supply voltage regulations where 
considered as less of a concern and “can be overcome by a proper voltage 
regulation strategy, involving an active participation of DG units. The study 
defines a System Hosting Capacity (SHC) as the maximum DG that it is possible to 
connect according to the thermal limits of the grid (i.e., the rating of single 
branches considered together with the rating of the HV/MV transformers) with no 
traditional grid expansion. To allow the amount of DG defined by SHC in the grid 
the report suggests that effort is made to implement advanced voltage regulation 
and eliminate the risk of unintended island operation with communication between 
“Interface Protection Relays”.  

[69] compares the HC for single and three phase connections for different current 
ratings in a LV grid. It is found that with rated current of 10 A only half the amount 
of single phase load can be connected compared to three phase connection. The 
potential gain in HC and possible consequences of allowing occasional over 
voltages and higher levels of non-characteristic harmonics is discussed in [70]. In 
[45] harmonic limits are incorporated into the assessment of hosting capacity in 
order to “prevent inadvertent restrictions in the integration of renewables”. 

The mathematical model introduced in [71][40] attempts to manage multiple 
technical constraints simultaneously, in contrast to the usual method of assessing 
each technical constraint separately. 
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[40] introduce a distinction between hosting capacity with respect to new 
consumption and new production. The paper shows the hosting capacity for thirty 
different feeders for new consumption and production with and without power 
factor correction. In [72] HC is used to evaluate the gain by augmenting existing 
rural AC grids with dc links connected with electronic converters. 

Active voltage control 

Already in 2010 EDF investigated how active grid management and centralised 
voltage control in presence of DG could “boost” HC in the French MV grid [73] 
[74]. 

A detailed calculation of HC for a MV grid is presented in [75] where impact of 
voltage regulation based on local controllers is assessed. [76] described a real time 
coordination of the reactive resources (including the reactive power produced by 
generating units) to improve the hosting capacity of the grid. [77][78][79] 
investigates the use of active voltage control at the low voltage level to “tackles the 
increase of distributed generation (DG) hosting capacity” in active grid operation 
including both PV and e-mobility. Similar results from [80] report a possible 
increase in HC of up to 27% with local voltage regulation in an Italian MV grid. 
Also [81] use HC and performance indices to evaluate “Active Distribution 
Networks”. 

In [82] the Transmission System Operator (TSO) of Ireland, ESB Networks, uses  
HC to assess the potential of active voltage control from wind turbines to maximise 
wind penetration on distribution grids. Possible increase in HC for “Smart” LV 
grids with active voltage control in Austria was studied in [78]. Gains from 
coordinated voltage control in a Finnish distribution grid are also expressed as an 
increase the hosting capacity in [83][84]. In [85] the HC is calculated as a function 
of both line length and type of voltage control in distribution grids. They conclude 
that far from the transformers the DG are used for voltage regulation. Near the 
substation the transformer tap changers keeps the voltage constant. Therefore the 
DG near substations or directly connected to them should contribute to reactive 
power balance issues instead. [86] shows how a developed voltage control 
algorithm of DG inverter and transformer tap changers can increase the HC.  

PV integration 

A pioneering paper [87] introduces and discusses the concept of hosting capacity 
for PV systems and shows the role “smart” control of PV inverters may have to 
allow more PVs. While previous work by the authors (e.g. [43]) use the term 
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“absorption capacity” later works by the authors uses the hosting capacity concept 
and stresses the use of clear performance indices. For the determination of voltage 
planning limits of a distribution grid the use of European Norm EN 50160 is 
proposed to allow limits to be translated into planning levels and practises of grid 
operators. 

In [88] HC is used in a study of Increasing photovoltaic’s (PV) grid penetration in 
urban areas through active distribution grid control. How the grid characteristic 
influence the voltage from DG in LV grid is described in [89]. Possibilities for 
improved LV integration of PV systems using different active and reactive power 
control strategies is assessed with help of HC in [90][91]. A similar study is done 
by the same authors for a real MV grid that was simulated over a period of 1 year 
in 1 min time steps in [92] this study showed that “PV can be used to increase the 
hosting capacity of the grid for additional PV capacity and hence to reduce voltage 
driven network reinforcement measures temporarily”. The impact on HC of 
different PV voltage control settings is covered in [90]. In [46] decentralised 
voltage control functionality “allows to increase the local PV capacity [beyond a 
3% voltage threshold] until the loadings limitations of the network equipment are 
reached” In the studied LV grid this corresponded to an increase of HC from 3.5 
kW to 7.5 kW in a LV grid. Enhancement of the hosting capacity by active and 
reactive power control possibilities of PV inverters also shown in [93] and 
specifically for volt-var control in [94]. 

In [95] possible increase of the hosting capacity of PV units in LV grid is evaluated 
for different voltage regulation methods and use of electronic voltage controller. 
This paper states that an increase of the hosting capacity by a factor of 1.5 up to 2 is 
possible for reactive power control (until 3% voltage rise sets the limit) or up to 2.5 
times with controllable MV/LV transformer (where grid components become 
limiting.) However the combination of the two methods does not give any further 
increase to the hosting capacity “since the additional loading through the reactive 
power reduces the capacity for active power injection”. 

National Renewable Energy Laboratory (NREL) [96] in the U.S. uses HC in a 
study to discuss alternatives [97] alternatives to the present practice of determining 
permissible amount of solar PV, arguing that today’s methods are “conservative 
and is not an accurate method of determining the hosting capability of a particular 
feeder.” Also in the U.S., EPRI is using the HC concept [98] as part of its 
distribution system analysis tool for analyzing the potential issues associated with 
high penetration solar PV. The paper argues for a stochastic analysis with a large 
number of cases. 
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Electric vehicle integration 

The hosting capacity has been used for study of plug-in Electric Vehicles (EVs). In 
[37][61] the share of EVs that can be integrated into existing grids before 
exceeding limits of grid parameters such as loading of equipment or voltage drop 
are studied.  

How the average EV charging power and location along the feeder affects the 
hosting capacity is shown in [37]. In [99][100] load curves from smart meters are 
compared with cable ratings. The HC is then used to study the impact of Electric 
vehicles on LV distribution grids. An assessment is made of the amount of MV/LV 
transformers that would need substitution. A similar study is presented in [101] 
where the hosting capacity of two existing LV grids in central Italy was assessed, in 
order to determine these grids’ ability to host fast and slow charging stations for 
electric vehicles. Overloading rather than voltage profile and total harmonic 
distortion was found to be limiting. In [102] a methodology is proposed that allows 
determining a maximum hosting capacity of the grid for EVs. In [103] a time 
dependent hosting capacity is introduced which considers the duration of the 
charging. In a review article over AC EV recharging infrastructure the EV charging 
possibility to increase hosting capacity through its demand response capability is 
stressed [104]. 

3.5 Use in regulatory framework and by utilities 

One of the major objectives with the hosting capacity methods in the EU-DEEP 
project in the mid 2000s was to identify market mechanisms that can expose the 
value of DER with the goal to “set up market architectures leading to efficient 
solutions; or when this is not possible, it permits” in order to “propose suitable 
regulation frameworks” [28]. The hosting capacity also simplifies the 
communication between actors on the energy sector as it relates limits on the 
amount of permissible DER to power quality and reliability levels required by other 
customers [47]. In [28] a variant of the HC method is proposed where, in order to 
find the most suitable market architecture in terms of market structure, ownership, 
efficient allocation of cost and regulation. For this it is vital that “implementation 
costs are analysed in depth as they have to remain lower than the expected gains”. 
As “the determination of potential benefits of DER solutions, following their type, 
requires a thorough analysis of number of technical questions, amongst other the 
management and control capabilities that result from the connection of the 
generation to the distribution system. Physical laws governing system operation 
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cannot be circumvented; hence the process of integration must be firstly system 
oriented”. HC is used to evaluate the additional cost necessary for reaching a 
similar reliability with a high penetration level of DER as without DER. Only after 
this is it possible to get a “complete picture including market and regulatory 
aspects.” 

In order to ensure that grid operators are not incentivised to excessive investments, 
the hosting capacity allows comparing the cost-effectiveness of different solutions 
to allow more wind and solar energy. Thus investments in new transformer and 
power lines are quantified and compared to other solutions like curtailment, 
demand-response, advanced voltage control or energy storage. 

The use of the hosting capacity concept has been recommended by the European 
energy regulators [29] and the European grid operators [30] as a way to quantify 
the performance of future electricity grids (the “Smart Grid”). According to [29] 
HC is used in Italy as a revenue driver and considered by Austria, Ireland and 
Poland for this use. Austria, Czech Republic, Latvia and Lithuania are considering 
HC for monitoring while Great Britain and Norway have minimum requirements in 
place for HC. The European Regulators Group for Electricity & Gas write: A 
regulatory scheme for promoting improvements in the performance of electricity 
networks requires the quantification, through appropriate indicators, of the effects 
and benefits of “smartness” [29]. The Council of European Energy Regulators 
pointed out HC as key indicator to assess “Adequate capacity of transmission and 
distribution grids for “collecting” and bringing electricity to consumers” as well 
as to assess efficiency in “electricity supply and grid operation” [68]. They stress 
that it is “important that the indicators, and any associated revenue mechanism, 
are defined in such a way that they do not favour one technology above another.” 
Another identified key feature of the HC approach is “the accountability of the 
indicators in a sufficiently accurate and objective way and the clear possibility to 
influence the value of the indicators by the network operator(s) or the system 
operator” [29]. 

To emphasis the role of hosting capacity as a regulation framework [93] proposes 
an alternative definition: “The hosting capacity is defined as the maximum 
distributed generation (DG) penetration for which the distribution network still 
operates according to design criteria and network planning practises based on the 
European standard EN50160”. 

Italy has made considerable regulatory effort into making the process to connect 
production more efficient and transparent. Part of this effort involved an 
unambiguous assessment of what grid parts had capacity problems. According to 



  Chapter 3 The Hosting Capacity Method 34 

[67] "A sound regulatory approach to the RES integration in the grid begins with 
building a robust technical knowledge of the current system and its potential 
hosting capacity for DG”. As previously stated the Italian national regulator 
authority AEEG (Autorità per l'energia electrica e il gas) commissioned in 2009 a 
research project regarding the hosting capacity (HC) of distribution grids [67] 
[105]. Following the AEEG regulatory order 125/10, the transmission operator 
identifies and publishes the list of grid areas and the list of HV lines to which the 
connection of new generating capacity is critical. A substation is “red” (critical) 
when the injection capacity minus the minimum demand exceeds 90% of the 
capacity of the HV/MV transformer. AEEG also use the increase in HC as a 
criterion to receive the extra-remuneration implementing smart grid solutions. 
When ranking proposals the benefit/cost ratio is normalised by the additional 
hosting capacity [68]. 

Italian regulator AEEG gives priority to funding smart grid projects that will allow 
a full exploitation of the hosting capacity. Therefore one introduces a quantitative 
indicator of benefits from smart grid technology investments in the grid. Psmart is 
defined as “the increase in DG power that can be connected to the grid without 
network refurbishment in safe conditions of voltage, current and frequency.” It is 
calculated as follows: 

 , where 8760 is the number of hours in a year. 

Both EIpost and EIpre are calculated with respect to the grid structure, according to 
the hosting capacity approach where: 

 EIpost is the yearly electricity by DG in MWh that can be injected in the grid 
in suitable technical conditions after the “smartening” project. 

 EIpre is the yearly electricity by DG in MWh that can be injected in the grid 
before the “smartening” project, i.e. without any risk related to reverse 
power-flow. 

 8760 is the number of hours in a year 

In the method of the Italian AEEG the specific characteristics of the DG are 
intentionally omitted. While the type of DG is important for the exact HC (see 
Figure 3.3 or [15][106]) the aim is “to obtain an indicator related only to the 
characteristics of the asset managed by the DNO, and not biased by the behaviour 
of other parties.” Thus a number of HC levels can be defined. 

In Western Australia, Horizon Power is using the hosting capacity to set limits for 
renewable energy installations within their grid [107]. The hosting capacity is 
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calculated according to [108] where “Hosting capacity is determined by a number 
of criteria including system spinning reserve, network and transformer capacity, 
voltage rise, and minimum loading of generating units. Defining system hosting 
capacity is fundamentally an analytical process to ensure that all criteria are met. 
A mathematical model using a spreadsheet has been developed. Customers can 
view monthly updated values of the allowable amount of PV that can be installed in 
each town [109]. 

In France RTE publishes maps with the connection potential (“potentiel de 
raccordement”) for all MV, HV and EHV substations. When calculating the 
indicator, a certain amount of curtailment is considered, which is in turn included in 
the connection agreements.  

In the UK many utilities publish “heat maps” showing available capacity for 
connection of renewables. Limits considered include, Circuit Voltage Rise, Reverse 
Power Flow Capability, 11kV Fault Level and upstream constraints on the higher 
voltage levels. Additional Distributed Generation may still be connected; however 
grid reinforcement works may be required causing additional costs [110]. These 
maps thus provide a kind of financial incentive to connect to areas more beneficial 
to the DSO. 

3.6 Application to storage 

The contribution of this thesis is mainly in the extension of the hosting capacity 
concept to curtailment and energy storage. In this section the work done to extend 
hosting capacity to storage is described. For completeness the section ends with a 
description of other studies performed in parallel to this work. 

In Paper IV Use of storage to increase hosting capacity, the hosting capacity 
concept is extended to the use of energy storage. It is applied to two different and 
real subtransmission grids. The hosting capacity is used to determine optimal 
capacity and power ratings of the storage and the share of overloading to be 
handled by storage and curtailment Paper IV as well as [21]. In Paper V When to 
apply battery storage the focus is on a step-by-step decision making process that 
compares storage with other ways of achieving the same increase in the hosting 
capacity (HC) of grid. 

In [111] the authors present an energy management system that may enable the 
integration of distributed energy sources in LV grids beyond the otherwise existing 
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hosting capacity limits. The EMS optimising production of local sources in 
combination with use of storage. [112][113][114] assed the contribution of storage 
units in centralized voltage control systems using HC. 

In [108] a concept of “managed hosting capacity” is introduced where the grid 
hosting capacity is extended by a factor equal to the amount that is “supported by 
energy storage units until additional generating unit is brought online”. It is then 
assumed that the control system would have curtailed e.g. PV output to meet the 
grid hosting capacity loading criterion. Distributed energy storage in terms of their 
potential to increase HC is also discussed in [115]. A study on small scale storage 
for PV installations showed that “To double the Hosting Capacity 50% of the peak 
power of the PV array is needed as well as a Capacity [to store production for] 5.6 
h” [116]. [81] evaluate hosting capacity of active distribution grids that coordinate 
a combination of DER, Distribution Storage Devices and Active Demand. Energy 
not delivered and average number and duration of DG interruptions are used as 
performance indices. The same author states in [117] that “In conclusion, the use of 
distributed energy storage is useful to increase the DG hosting capacity in 
distribution systems even without active distribution controls in place”. 

3.7 Application to curtailment 

The contribution of this thesis is mainly in the extension of the hosting capacity 
concept to curtailment and energy storage. In this section the work done to extend 
hosting capacity to curtailment is described. For completeness the section ends with 
a description of other studies performed within this area in parallel or after this 
work was commenced. 

When the hosting capacity limit is reached it is possible to continue to deteriorate 
the performance index. In Paper II and IV the performance index is the amount of 
overloading of the distribution transformers. The HC limit is reached once one 
transformer is overloaded one of the studied hours. As production is increased 
above the HC limit the probability (percentage of the time) the overloading occurs 
is measured. The level of production is increased further until the overloading 
occurs during 5 % of the hours. Figure 3.3 shows the amount of production 
capacity that can be installed before overloading occurs during 5% of the time. This 
amount depends on the intermittent characteristics of the energy source. The results 
can be explained with the different characteristics defined in Section 2.1. Capacity 
factor is the average fraction of nominal capacity utilised over a year. The site at 
61° North is fairly cloudy which contributes to a low capacity factor for solar. A 
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correlation coefficient value close to zero indicates no correlation between 
consumption and production. 

 
Figure 3.3 Hosting capacity and 0.1%, 1%, 2% and 5% probability of transformer overloading for 
some different DER in node 1 of Paper I. The mix consists of 50% produced energy from 36 MW 
of wind, 25% from 45 MW solar PV and 25% from 13 MW hydro run-off plant. 

As seen in Figure 3.3 the amount of additional installed capacity is up to 100 % if 
overloading is ether accepted 5 % of the time or handled in some way or the other. 
Curtailment is defined as the load (in this case the production) not supplied [26]. In 
the case of wind power it is when some or all of the turbines within a wind park 
may need to decrease their production to mitigate issues associated with turbine 
loading, export to the grid, or certain operating conditions. A 2012 overview on 
integration of renewables for the EU commission pointed out a lack of procedures 
and the absence of legal framework for curtailment as the main grid operation 
barrier. Required were clarifications regarding procedures and responsible bodies 
when activating the curtailment as well as the rights and duties of affected 
stakeholders and the development of a compensation system [13]. It is further 
foreseen that curtailment will take on part of the role of today’s operational 
reserves and that overload protection no longer will trip the overloaded component 
in the grid because of the high risk of cascading outages. Instead the cause of the 
overloading will be removed by means of curtailment [118]. 

In Paper I Hosting capacity limits, curtailment and line overloading and Paper IV 
Use of storage to increase hosting capacity, the HC concept is extended to 
curtailment of wind energy and other DER in order to quantify gains in delivered 
energy to an electrical grid. The net result of the curtailment scheme is to move the 
grid redundancy and reserve from the grid operator to the user. The user is in this 
case the wind park operator. For him it may be financially sound to take the risk 
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(and the cost) of a possible curtailment instead of paying the higher grid connection 
fees required to increase the capacity of the grid. The risks and associated gains of 
HC are discussed in Paper III Risk-analysis of new grid operation paradigms. The 
paper discusses the effect of four alternatives that allow more wind power than the 
N-1 criterion would permit. The four methods have the ability to increase the 
hosting capacity between 40 and 220 %, as shown in Figure 3.4. Increase is highest 
with dynamic line rating, but this introduces new risks. The method requires that 
the conductor temperature along the line can be accurately estimated. If this is not 
the case, safety margins are needed that will increase the amount of curtailed 
energy. 

 

Figure 3.4 Annual produced energy as a function of the installed capacity. Indicated is the hosting 
capacity for the different solutions. 

In a recent PhD thesis a system with voltage control in active distribution grids is 
extended with curtailment [119]. Curtailment is also part of the voltage control 
strategies included in [92] and [115] while [108] recommends enhancing hosting 
capacity through generation management and feed-in management initiatives 
comprising energy storage and PV active power curtailment. 
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Hosting capacity coefficient: 

As seen in Figure 3.3 the increase in installed capacity for a given percentage of 
permitted overloading varies with the type of energy source. The gain in hosting 
capacity will depend on both the characteristics of the grid and on the studied 
phenomena. A method to compare the gain of the total delivered energy from 
renewable with curtailment is described in this subsection. One of the biggest 
strengths of the Hosting capacity method is that it allows the objective and 
comparable study of many different power system phenomena and in very different 
electrical grids. Figure 3.5 is reproduced from Paper II and compares four different 
case studies of different phenomena (overcurrent and overvoltage) in different grids 
and with different source of data (measured consumption combined with measured 
or stimulated production). 

 
Figure 3.5 With additional installed capacity a growing proportion (vertical axis) of additional 
capacity is curtailed. Four different case studies from Paper II are compared in the above figure. 
The installed capacity has been normalised with the Hosting Capacity without curtailment 
(horizontal axis). The vertical axis shows the soft curtailed energy as a percentage of the 
additional energy made available with soft curtailment. 

From Figure 3.5 the slope of the curves can be used to compare the gain from 
curtailment for different locations, phenomena, types of production, etc. The gain 
from additional installed capacity diminishes as the slope gets steeper. The curves 
in Figure 3.5 can be determined for different locations in a grid. The slope shows 
where it is most beneficial to install production capacity above the hosting capacity, 
i.e. where the required curtailment for the same relative amount of DG will be the 
least.  

The approach can be extended to cover different voltage levels and hosting 
capacity limits determined by very different performance indices (and therefore 
different power system phenomena). For an objective comparison, the Hosting 
Capacity Coefficient (HCC) is defined as follows: 
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In case of Figure 3.5 the performance index is the amount of curtailment. As the 
HC limit is here defined as the amount of installed capacity where curtailment is 
not required, the equation simplifies to: 

  

A low HCC correspond to an unfavourable location for curtailment. A high value 
of the HCC corresponds to a high ability to host (accommodate) production using 
curtailment. However it is possible that a high coefficient corresponds to a low 
hosting capacity limit. 

3.8 Increasing the hosting capacity 

Both the practical work performed (with storage and real-time grid surveillance) 
and the theoretical studies of this thesis aim towards quantifying possible gains in 
the hosting capacity (HC). The hosting capacity is not a fixed limit. The specific 
characteristics of the production are important for the exact HC as seen from the 
HC limit in Figure 3.3. The consumption pattern in the grid and its correlation to 
the production will have an effect on the hosting capacity. A small probability of 
large production to occur at times of low consumption will give a higher hosting 
capacity (for overloading and overvoltage). As shown in Table 3.3 a mix of 
different energy sources will often have a higher hosting capacity than a single 
source. Thus ensuring a diversity of the energy sources within a grid is in itself one 
means of increasing the hosting capacity. 

Table 3.3 Hosting capacity for node number 1 (in Paper I) for various types of renewable energy 
resources. Produced energy is the average of the two studied years. Reproduced from Paper I. 
Hosting capacity Current limited 

Power [MW]                 Energy [GWh/yr] 
Constant power (Bio fuels) 120  1050  
100% Wind 130   330 
Present prod mix: (85% produced energy is wind, 
15 % hydro.) 

130 (110 wind, 20 hydro)  350 

DER mix 1: (50% produced energy wind, 25% hydro, 
25% solar) 

150  
(58 wind, 21 hydro. 71 solar). 

 295 

DER mix 2: (50% produced energy wind, 50% solar) 148 (43 wind, 105 solar)  172 
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Again according to Figure 3.3, curtailment (or allowing an amount of overloading) 
allows for 9 % to 96 % increase in installed capacity, depending on the energy 
source. 

Dynamic line rating studied in paper I and III also allows for hosting capacity 
increases. The gains found in paper I are between 50 and 100%. Even higher gains 
are presented in Paper III when dynamic line rating is combined with special 
protection schemes. Dynamic line rating requires overhead lines with conductors 
exposed to wind and ambient temperature. The full report [120] behind Paper III 
shows gains of only 15% in some cases due to the presence of cables in the studied 
grid.  

Dynamic rating can also be applied to power transformers, requiring the 
transformer loadability to be calculated in real-time. The transformer supervision 
installation described in Section 6.4 calculates instantaneous as well as permitted 
overloading for 15, 30, 60 and 120 minutes. These values start at 20% and decline 
with the period of overloading. 

Gains in hosting capacity with alternative grid operation to the prevailing N-1 
criterion are presented in Paper III Risk-analysis of new grid operation paradigms. 
The gains vary between 40 and 325 % depending on methods applied.  

In Paper IV Use of storage to increase hosting capacity, the large storage capacity 
required to remove the most long lasting periods of high production surplus implies 
that even the largest battery storage installations existing today (in the range of a 
few tens of MW or MWh) would do little to increase the hosting capacity, 
However, combined with curtailment a 4MW/4MWh storage in the two studied 
grids allows for an additional 247 and 81 MWh/yr increase in delivered energy to 
the grid.  

In Paper VI Coordinated control of DER – potential, aggregation and coordinated 
control of a grids DER (including storage and hydro reservoir), shows potential for 
increase in hosting capacity of renewables. However, the study of the four selected 
applications does not quantify this gain in terms of hosting capacity directly.  

In order to increase the hosting capacity, a tool box of measures can thus be applied 
to mitigate the problems caused by the introduction of renewables. The bullet 
points below generalise the solutions: 

 Accepting the risk associated with the deterioration, i.e. after a risk based 
assessment the deterioration previously viewed as unacceptable in a grid 
code can be re-evaluated in order to avoid too strict restrictions on 
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renewables. This could, as an example, include accepting a slightly higher 
risk of equipment damage due to overvoltages, possibly compensating end-
users whose equipment gets damaged. 

 A second option is to accept that the distributed generation cannot always 
deliver all of its potential production. Then curtailment can be introduced in 
order to reduce production, under the periods of unacceptable deterioration 
(e.g. transformer overload). As described in Paper II, curtailment can either 
be complete disconnection of the production (“hard curtailment”) or a 
gradual decrease of the power output just enough to avoid the limit being 
exceeded (“soft curtailment”). 

 New grid operation paradigms. As shown in Paper III novel grid operational 
practices combined with increased communication and grid wide situation 
awareness can be used to increase hosting capacity.  

 Schemes where electrical loads can respond to varying production, shifting 
consumption in time is often referred to as demand-response. Demand 
response allows utilising locally a part of the surplus production that cannot 
be exported to the rest of the grid. 

 A final option is to invest in the grid, strengthening it with traditional grid 
planning solutions like new transformer, greater conductor cross section, 
new lines, STATCOMs etc. Also energy storage belongs to this category. 
The increase of the hosting capacity from such an approach is illustrated in 
Figure 3.6 reproduced from [50].  

 
Figure 3.6 performance index for increasing investment (left) and hosting capacity as a function 
of the investment (right). The performance index is calculated as a function of the DER 
penetration level for different investment scenarios. Examples of investment scenarios are 
placing additional HV/MV transformers or larger cross-section of lines or cables. The result is the 
hosting capacity as a function of the amount of investment [50]. 

Table 3.4 provides an example of levels of the hosting capacity corresponding to 
the different measures adopted to increase the hosting capacity in [67]. 
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Table 3.4 Increasing HC with Smart Grid technologies. Levels of hosting capacity that can be 
reached without refurbishment of primary infrastructure. Based on [67]. 

Increasing H
C

 
 / increasing cost 

 

Zero level  
Conventional limit to the maximum amount of generation that can be 
connected to the grid with no risks related to reverse power flow 

first level 
The DG power that is possible to connect without violating the supply 
voltage variation limit; with new communication based voltage control 

second level 
The DG power that is possible to connect without violating the limits 
(both at a local and system level) given by the traditional Interface 
Protection Relay design and operation 

Third level  
The DG power that is possible to connect using novel strategy for 
Interface Protection Relay operation by means of a suitable 
communication system 

Fourth level 
Bidirectional communication with end customers in order to provide 
demand response strategies (including electric vehicles infrastructures). 

Fifth level The DG that is possible to connect with energy storage that absorbs the 
excess power in off-peak hours and injects power in peak hours 

 Grid strengthening with investment in primary infrastructure 

Increasing the hosting capacity without investing in primary infrastructure (e.g. 
through storage and curtailment) will in practice require several components: 

 An accurate and near real time estimation of the performance indices. 
 A reliable communication grid to collect, analyse and distribute the 

commands. (Alternatively the system may rely on the response of many 
intelligent electronic devices (IEDs) so that the failure of a few participating 
unit has no significant impact.) 

 A back-up plan if the measure does not occur, i.e. tripping of the transformer 
from overload protection if the curtailment does not take place as anticipated. 

Figure 3.7 shows one of many possible scenarios. Paper VII Coordinated control of 
DER – implementation gives an example of implementing a scheme similar to that 
in Figure 3.7 with interoperable standards from IEC. With the exception of 
dynamic line rating the practical installations described in Chapter 6 include the 
components shown in Figure 3.7. 
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Figure 3.7 Example involved in a scheme to allow integration of renewables beyond the hosting 
capacity. The dynamic line rating system shown is from [121]. Information from transformer and 
distribution relay are also collected to operate a storage facility in conjunction with a curtailable 
wind park. 



Chapter 4  

Storing Away the Variability 

It’s not about having storage for all 
the wind that blows and all the sun 
that shines, it’s about managing the 
ups and downs of supply and demand. 

Herman K. Trabish [122] 

 
A basic axiom of power-system planning is that production and consumption must 
be balanced at any given time and at any location. This is without storage. Storage 
will be an essential part of a more flexible power system, enhancing the power 
system’s capability to maintain reliable electricity supply by modifying production 
or consumption in the face of rapid and large imbalances [123]. Each challenge 
imposed by variable energy sources requires a different set of electric energy 
storage characteristics [124]. This chapter gives an overview of existing storage 
technologies followed by a description of some applications and how electric 
energy storage can allow for more integration of renewables into the electricity 
grid.  

4.1 Available storage technologies  

In its widest application energy storage can consist of storing primary fuel used to 
produce energy (left side of Figure 4.1), storing electricity by direct conversion 
(centre Figure 4.1) or shifting the use of electricity in time (right side of Figure 
4.1). Storage of primary fuel can be the use of hydro dams to buffer water flow 



  Chapter 4 Storing Away the Variability 46 

while a pumped hydro installation that uses electricity to pump water to a high 
reservoir and converts it back to electricity in a generator is an example of direct 
conversion. Finally the various demand-response schemes or use of hot water tanks 
and heat pumps are examples of time-shifting the consumption of electricity which 
can be considered as a type of virtual storage capacity. This chapter deals only with 
storage that can take electricity from the grid and convert it back to electricity 
(middle of Figure 4.1). The storage technologies are exemplified below with 
reference to some of the largest installations of each type, including a short 
description of the main usage of the storage installation. 

 
Figure 4.1 Energy storage in the context of electrical power systems 

Storage for the electrical grid can be further subdivided into: 

 storage of electricity in the grid (e.g. utility or aggregator to regulate 
frequency) 

 storage of electricity on the production side of the meter (e.g. when a wind 
park owner builds a storage installation to avoid overloading a weak grid 
connection) 

 storage of electricity on the consumption side of the meter (e.g. a building or 
home with a PV installation that includes battery storage) 

Today’s storage, with direct conversion to and from electricity, is mainly in the 
form of pumped hydro and Uninterruptable Power Supply (UPS) see Figure 4.2.  
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Figure 4.2 Worldwide installed storage capacity for electrical energy, the vast majority is in the 
form of pumped hydro and UPS units while battery storages on the far right are growing, albeit 
from low levels. Produced after data from [125][126]. 

Uninterruptible power supply is for back-up power and is present in most medium 
and high voltage substations as well as at some end-customers. While UPS are 
normally small and only for internal consumption, some larger installations exist in 
remote places like a Ni-Cd battery storage in Alaska with an energy capacity of 
13.5 MWh and the possibility to deliver up to 46 MW of power to the grid [127]. 

Pumped hydro storage is a system of turbines and pumps that can move water 
between high and low reservoirs. In Japan 9 % of installed generation capacity is 
pumped hydro storage, in Italy 8 % and in the United States about 2% [128]. The 
prime motivation for the construction was to compensate for inflexible nuclear 
power. While there exists a few hundred grid-scale battery storage installations 
compressed air capacity is almost entirely in two plants commissioned in 1978 and 
1991 that release the compressed air into gas-fired combustion turbines [125]. 

The price of battery storage has halved between 2008 and 2012 [129] and both 
capacity and life-time expectancy have grown. Predictions are that the battery 
storage technologies (on the far right of Figure 4.2) will grow [130][131]. For 
example the Italian TSO, TERNA, plans to allocate 300 million Euros “to the 
development of storage systems“ [132]. Because of their high efficiency and to 
spill-over effects from electric vehicles (EV) commercialisation the largest growth 
can be anticipated to come from Lithium Ion storages. Such Li-Ion storage has little 
economy of scale and may well grow as distributed local storages for domestic PV 
installations. On May 1st 2013, Germany, which is shutting its nuclear power 
plants as it boosts renewables, began subsidising homeowners' purchases of 
batteries to store power from solar panels [133]. Other countries that lead 
integration of renewables, like Denmark and Ireland continue to increase the share 
of renewables without building storage. 
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Today, larger energy storage installations in the MW range exist for power 
balancing, capacity firming and even market trading [134][135]. Such installations 
are presently often only commercially feasible under certain circumstances: 

 With favourable topology existing hydro power installations can be modified 
and complemented with new reservoirs to store vast amounts of energy. The 
dams require a few hundred meters height difference and must be relatively 
close to each other to obtain a high efficiency in the storage cycle. However, 
one large installation has only a hundred meters height difference [136]. 

 As vehicles are commonly used only 2-4 hours per day the 20-80 kWh of 
storage capacity in each Electrical Vehicles could be dispatched under grid 
contingency circumstances or even on a commercial basis. This concept is 
commonly referred to as Vehicle-to-Grid (V2G) which can be profitable if 
only the marginal cost of the storage cycle (in the form of losses and life-
time reduction) needs to be covered. Depleted EV batteries (defined as those 
with degraded storage capacity below 80 % of rated capacity) may also 
prove to be a profitable source of storage capacity [137]. 

The above storage types where electricity is converted directly, compete also with 
other storage technologies. Among these can be mentioned:  

 Large scale solar thermal plants use reflectors to concentrate solar radiation 
towards a tower where steam is produced. A plant in commercial operation 
in Spain has a 20 MW turbine that reaches an annual 74% capacity factor by 
heating molten salt that is easier stored or used to directly produce steam for 
the turbine. The storage is capable of running the turbine at full power for 15 
hours (equivalent of 300 MWh of electric energy) [138]. This allows the 
plant to comply with “base load” power plant requirements in Spain [139]. 

 If a power plant or industrial process has high temperature steam the amount 
of steam in the process can be increased and stored as compressed air[135]. 

 Thermal storage where excess or low priced electricity is used to produce 
heat or ice for later use [140]. This can be in the form of a water boiler in a 
house. It can also be large district heating accumulation towers such as that 
in Theiss in Austria with a thermal capacity of 2 GWh of energy [141]. 

 Demand-response where loads are shifted in time can be considered a type of 
virtual storage. 

Different storage techniques may be characterised by their overall grid-to-grid 
efficiency as shown in Table 4.1.  
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Table 4.1 Examples of power system phenomena and related performance indices. (Based on 
[14] except figures for hydrogen are based on tested electrolyte, fuel cell and metal hybrid 
storage at STRI and best high pressure electrolyser [142]). These values are still 1-3 orders of 
magnitude less energy dense than for a diesel generator included for comparison. 

Technology Efficiency Life Cycles Density Rating 
NaS 87 % 2000 200 kWh/m3 10MW, 10 hrs 
Flow Battery 80 % 2000 25 kWh/m3 1MW, 6hrs 
Li-Ion 95 % 4000 500 kWh/m3 1MW, 15 min 
Ni-Cd 60-70 % 1500 50 kWh/m3 5MW, 10 min 
Flywheel 93 % 20000 15 kWh/m3 1MW, 15 min 
Capacitor 97 % 30000 20 kWh/m3 1MW, 5 sec 
Compressed air 75 % 10000 10 kWh/m3 100MW, 10 hrs 
Pumped hydro 70–85 % 20000 1 kWh/m3 1000MW, 24 hrs 
Hydrogen 20-40 % 5000 3000 kWh/m3 8 MW, 24 hrs 
Diesel 25-40   9000 kWh/m3  

4.2 Examples of existing grid-size battery storage 

Several grid (MW) size Battery Energy 
Storage System (BESS) exist. One of the 
first grid scale storage was developed in 
collaboration with Tokyo Electric Power 
Company, TEPCO during the 1990s for 
load levelling in order to meet the 
increasing peak energy demand. The 
storage is also used to prevent 
instantaneous voltage drop and as 
emergency power supply [143]. The largest 
installation in Japan is today a 245 MWh/34 
MW NaS battery storage for wind power 
stabilisation [144]. 

In Chile there is a 4 MWh/12 MW Li-Ion 
installation for frequency regulation and 
spinning reserve at the substation Atacama 
Desert [134] and another 5 MWh/20 MW installation in Antofagasta [125]. A 36 
MWh/32 MW Li-Ion storage in China is installed for the same application [145]. In 
the United States a 5 MWh/20 MW flywheel installation provides frequency 
ancillary service with a daily throughput of 100 MWh [146]. In Sweden there exists 
a 0.135 MWh /0.075 MW Li-Ion storage installed in a 20 kV distribution grid in 

Figure 4.3 Example of a 8 MWh / 32 MW
Li-Ion storage amidst a 98-megawatt wind
park in West Virginia U.S. As can be seen 
the land area used by the storage is 
comparable to the adjacent  substation. 
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order to evaluate the storage technology 
[147][21]. Making renewables dispatchable 
and predictable has been an item of many case 
studies. Most studies end up in a proposed 
power rating of between 40 and 80% of the 
installed capacity of renewables and a need to 
store maximum production for 4 to 5 hours 
[148]. This corresponds to the capacity and 
power ratings reported in [144] and [145].  

4.3 Application of storage 

Energy storage technologies enable the power 
system to respond to short-, medium- and 
long-term variability [149][98] and can 
increase the hosting capacity for renewables.  

The previous Sections 4.1 and 4.2 give examples of some storage installations 
together with their main applications. An overview of possible applications is 
available in [134] and [135]. Within the U.S. Department of Energy’s pilot 
Tehachapi project 13 operational uses of an 8 MW/32 MWh Li-Ion storage are 
evaluated[150]. These include voltage support, frequency regulation, spinning 
reserves, and ramp rate control of the adjacent 350 MW wind park. An overview of 
different power system applications of storage, as well as their characteristic 
timescale and suggested storage solutions, are given in Figure 4.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 Characteristic time scale of energy storage applications. Reproduced from Paper V. 

Figure 4.4. The author in front of a 1 MW/ 
2 MWh NaS battery at Younicos GmbH, 
Berlin May 2012. 
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Proposed applications of storage described in the literature include: smoothing out 
the fluctuations from renewable generation [151], improving wind power 
characteristics [152][153], frequency regulation [154], fault ride through [155] and 
load levelling [156] to mention a few. Applications like power-quality 
improvement (flicker, voltage variations, dips, and harmonics) will require very 
short charging and discharging cycles which can be met by flywheels or 
electrochemical capacitors. The main focus of storage studied in this thesis is 
battery storage (either as large scale centralised or many distributed units) that is 
anticipated to be cycled a few times per day in order to have acceptable life-time 
expectancy. Such storage can contribute to more renewables in the electricity grid, 
mitigating the intermittency and integration challenges described in section 2.1 and 
2.2. As seen in Figure 4.6 storage is a potential solution for both surplus of net 
production and surplus of net consumption. 

 
Figure 4.6 Storage use to prevent over loading due to over production and over consumption. 

With small scale solar power being introduced in domestic households the issue of 
over voltage is becoming a concern in many urban areas with high amount of PV 
cells. These PV’s may be disconnected from the electricity grid when producing 
maximum power due to over voltage settings, losing much required payback from 
the PV investment. With local storage in the low voltage grid this could be avoided 
and the stored energy delivered once the grid permits (which could be just a few 
minutes later in the case of a partially clouded sky). The small scale storage units 
could also provide a few hours of reserve power for all connected loads, or longer 
back-up for some prioritised loads, making high capital costs acceptable for some 
users. 

Various methods have been described to dimension the power and capacity of 
storage for a given location and application. Among these are cost benefit analyses 
[157], stochastic optimisation [158] probabilistic methods [159], and analysis of the 
Fourier transform of production time series [151]. The method used in the hosting 
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capacity approach varies depending on the power system phenomena under 
investigation and the grid model being used to calculate the performance indices. 

4.4 Use of storage to minimise losses 

Apart from the storage applications described in Paper IV Use of storage to 
increase hosting capacity and Paper VI Coordinated control of DER – potential, the 
original results prepared for [160] included a more advanced cycling for 
minimising of losses in the grid. The losses in the grid consist of series losses,  
where R is the series resistance and shunt losses, , where G is the shunt 
conductance. Shunt losses exist in e.g. the transformers. By reducing the voltage 
with active or reactive power the storage can reduce the shunt losses, but these 
losses can only vary over a small range, so that the potential gain will be small. The 
energy storage affects mainly the series losses. The average series losses can be 
expressed in the following equation:  

 

For normal operation of the grid the series resistance, R, and voltage, U, will be 
relatively stable and have therefore been taken as constant above expression. The 
equation includes the standard deviation, , defined as: 

 

When evaluating the overall impact of the storage, the conversion and stand-by 
losses of the storage also need to be included in the assessment. From the 
simplified equation above we can conclude that there are three contributions to the 
series loses 

I. Losses due to the net transfer of energy that are proportional to the square 
of the average transferred energy.  

II. Losses due to the variability in the transferred energy. These loses are 
proportional to the square of the standard deviation of the active power.  

III. Losses due to reactive power.  

The losses due to the first term can only be decreased if the total transferred energy 
is lowered. Over multiple cycles the charged and discharged energy will be the 
same, except for the storage conversion losses.  
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Regarding term III, the electronic converters of the storage, and also other 
components like solar PV, can compensate for the reactive power, sometimes even 
fully independent from the active power dispatched. This can be used to minimise 
losses as was done in Paper VI Coordinated control of DER – potential.  

Regarding term II above the use of the storage to “smooth” the variations of the 
power flow will have a positive effect on both transformer and line losses. This 
requires reducing the standard deviation of the power flow, in practice “shaving 
off” the highest portion of each peak that surpasses the hosting capacity limit. In 
the control algorithm described in contributing paper [21] the time of dispatch is 
optimised so as to minimise the maximum current during overloading and “fill” the 
deepest valley by increasing the lowest current. An example of this is given in 
Figure 4.7. 

 
Figure 4.7 Optimal charging and discharging to minimising losses of transmission line for a 
selection of hours in node 1 of the grid studied in this paper. As the load flow profile is smoothed 
the standard deviation will decrease, lowering the total grid losses. The mean value itself is not 
influenced other than a slight increase due to conversion losses in the battery storage. 

When the entire energy in the overloading period cannot be stored due to capacity 
or charging limitations the overloading is kept as small as possible. During 
discharge the entire period until the next overloading needs to be evaluated in order 
to discharge energy when the power flow is at its minimum.  

Figure 4.8 gives comparison of the reduction in losses using such a method 
compared to the simpler method to charge as soon as overloading limit is 
surpassed. It should be remembered that the peak shaving method gives the 
theoretical maximum which will decrease with the error in estimation of future 
power flow. The BESS in this study is based on an actual installation in Sweden 
described in [161]. It contains a power electronics converter that can be used to 
absorb and generate reactive power also during times when the storage is not being 
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charged or discharged. This can be used to further reduce losses, as is also shown in 
Figure 4.8. 

 

Figure 4.8. Annual losses from 2.4 km 234mm² FeAl 130 kV power line adjacent to energy 
storage at node 2. The greatest decrease on line losses arises from the BESS ability to 
continuously compensate for the reactive power from consumption (wind production is assume to 
be able to steer its reactive power production to zero). With 5% overloading the energy is being 
dispatched from battery between 3 to 5 % of the time (depending on storage size). This alteration 
of power flow will have an additional, but relatively small effect on the line losses. With peak 
shaving and discharge during minimum the loss reduction is maximised, however the gain is 
most likely too small to motivate such a use of a BESS. 

The small gains found is confirmed by Paper VI Coordinated control of DER – 
potential with detailed simulation of both the 50 kV grid and overlying 130 kV 
grid. A third study performed with the same method and programme on a similar 
grid in Sweden also confirmed that there is little potential for minimising both 
transformer and line losses in the grid [21]. Paper [21] takes into account not only 
the storage conversion losses but also estimates the losses from the power 
converters reactive power compensation.  

The contribution to the storage losses from different components of the BESS can 
be found in Figure 4.9. These conclusions from both performed studies are that 
there is little or no reduction of grid losses achievable through the use of energy 
storage. 
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Figure 4.9. Losses in the studied part of the 40 kV grid with and without battery energy storage. 
Insert shows the composition of the line losses from the storage. These losses come short of 
compensating for the losses of the energy conversion and use of power electronics for reactive 
power compensation in the storage itself. Losses for multilevel converter according to [162]. 
Figure is reproduced from [21]. 

4.5 Feasibility of the BESS 

As was mentioned in Section 4.1 there exist several grid-size Battery Energy 
Storage Systems (BESS) and the price of storage has halved in the last couple of 
years. Still if these systems are to have a significant impact on grid operation their 
proportion of total generation capacity needs to be comparable to that of pumped-
hydro. The feasibility of such a scenario is dependent on a number of issues: 

Cost of investment:  

The cost of investment in a storage system is substantial. There exist studies 
such as [163] calculating the life-cycle cost for a BESS and comparing the 
profitability of different applications. The incentives appear to be sufficient 
today only in certain niche markets and applications [134][135] and in cases 
where sufficient support for demonstration projects is available [147]. The 
cost is composed of two main factors; power conversion equipment and the 
energy storage capacity. Due to the modular approach of most battery 
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components cost increases nearly linearly with capacity which may not be the 
case for the power rating. 

The return on investment of a battery storage system is largely dependent on 
the market price of electricity and ancillary services, as well as the market 
structure and regulating framework governing subsides and who can own, 
operate and profit from a BESS. The extent to which an investment can be 
included in the tariff cost base of the grid operator also varies. 

Even with a substantial increase in prices for ancillary services our 
simulations show that the BESS with today’s costs would not be profitable. 
Hence a substantial cost reduction of the BESS is required (this is however 
anticipated by several actors) [164]. 

Today there exist several storage and inverter solutions in the range of a few 
to some tens of kWh/kW. A few hundred such installations may be costs 
competitive compared to a single grid-size installation with the same total 
capacity. 

As previously stated the profitability for BESS is likely to first emerge in 
niche markets and in isolated applications with high costs and/or long lead 
times for additional grid capacity. This could be when the cost of marginal 
fuel is very high (e.g. diesel in isolated places) or when granted exceptionally 
high reimbursement for ancillary services or renewable production. Another 
case could be if the storage can defer or delay large or socially/ 
environmentally unacceptable grid investments. 

Ability to combine multiple applications in one installation: 

One main advantage of storage is the ability to provide several applications in 
one device. For example daily trading can be replaced with peak production 
shaving when high winds are forecast or where a part of the BESS 
infrastructure can be written off as secure reserve power. Some of these 
applications can also be brought into play simultaneously (for example 
reserving a bandwidth around a state-of-charge set point for quick frequency 
support while letting the charging state depend on overloading). This potential 
for multiple roles of an installation improves the business case. The flexibility 
is also a distinctive advantage. Several lithium storages in sizes of up to a 
MWh are mobile installations and can be applied to one location only until a 
grid strengthening is completed. It can be used as a reserve and its primary 
usage can be altered if market prices and regulation favour new applications. 
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Stand-by plus conversion losses: 

The opinion of experts on which storage technology is most promising has 
varied over time; with developments in different technologies going at 
different speeds and unexpected breakthroughs or disappointing results 
changing the opinion from time to time. Recently the interest within the power 
industry has been diverted towards Li-Ion batteries. This type of battery 
promises the highest efficiency of all battery technologies as seen in Table 
4.1; manufacturers today state that complete BESS in the MWh range have up 
to 90 % efficiency. The Lithium Ion batteries have also had the largest 
increase in capacity per weight unit of all battery technologies over the last 30 
years and a favourable cost development that is expected to continue. 

The battery systems are only operated at a few hundred volts and connected to 
the grid with transformers. Also when the installation is neither contributing to 
the grid nor charging there are leakage losses of the batteries themselves and 
shunt losses from transformers and power electronics in stand-by. 

Life expectancy of system: 

Primary apparatuses in the power system have very long life expectancy and it 
is not unusual that the equipment is in use for 40 years or more. Expectancy of 
the secondary equipment (relays etc.) is half this but still much more than the 
predicted lifetime of many storage solutions. For instance, with life time 
expectancy for Li-ion batteries of only a few thousand cycles, it is not feasible 
to require more than a few cycles per day. Today the application must 
compromise between sufficient utilisation to defer the investment cost per 
used cycle and the life time of the investment.  

A solution would be to design the BESS so that the grid connection and 
electronic components meet the traditional life expectancy and have the 
battery packs possible to exchange during the system life time.  

Legal and regulatory limitations: 

While any storage system over a complete cycle is a net consumer of energy 
due to losses, some country’s regulators have classified the units as producers 
when they discharge energy. In a de-regulated market where generators are 
not allowed to operate the grids (and the grid operators not allowed to own 
generators) the ownership of energy storage are severely limited. A solution 
reached in some countries has been to allow the grid operator to own the 
storage for optimising its own operation as long as the dispatched energy is 
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not more than the losses in the grid. This is the interpretation of the situation 
in Sweden [165]. 

A regulatory concern is participation on spot and balancing markets of storage 
units whose investment cost have been counted into the tariffs as grid 
improvements. This could create unfair competition on the ancillary-service 
markets. Yet exactly such multiple streams of income from using the storage 
for several applications are likely to be needed to generate sufficient income to 
make the storage installation economically attractive. Decoupling different 
applications of the storage into market driven and grid optimisation uses is 
likely to be an intricate legal issue. With the BESS performing multiple tasks, 
the regulatory framework for the investment and operation becomes 
increasingly complex and it may no longer be pure cost or technical 
constraints preventing the introduction of the BESS.  



Chapter 5  

The Smart Grid 

Overlaying the utility infrastructure with 
communications and control systems that 
will allow energy technology to be more 
productive. 

Farshad Khorrami, Polytechnic Institute 
of New York University, February 2010 

Energy systems are changing in ways that make old strategies obsolete [166]. 
Renewables introduce hitherto unknown variability in production. Load patterns 
can be influenced in new ways with demand-response schemes. A higher degree of 
information exchange and situation awareness is possible. Yet the term “Smart 
Grid” is largely a marketing term [167]. How the term is used often says more 
about the presenter than the subject matter1. Behind the term lies much study [168] 
[169] but also much debate. The term is here used to describe the adoption of new 
technology, methodologies and regulation. Whether incremental or paradigmatic 
the power grid faces changes. This section describes the drivers for the grid 
modernisation and adoption of new applications from a technical perspective. The 
different required aspects of interoperability are addressed. The intent is to provide 
an understanding of the environment into which the renewables are to be integrated 
and to shed light on the practical aspects associated with the adoption of solutions 
described in Section 3.8 and the appended papers. 

                                           
1 The reader is therefore informed that the author of this thesis is a member of IEC Technical Committee 
57 working group 10 "Power system communication and associated data models”, co-author of IEC 
61850-1. He represents the Swedish transmission system operator (Svenska Kraftnät) in ENTSO-E IEC 
61850 task force and has held 30 hands-on trainings in ten countries around the world on IEC 61850 
“Communication networks and systems for power utility automation”. 
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5.1 Overview and definition 

The term “Smart Grid” has gained popularity from 2005 onwards [118]. Smart grid 
policy is today organised in Europe by the European Commission in association 
with the Smart Grids European Technology Platform [170] and a number of expert 
groups; such as the ENTSO-E European Electricity Grid Initiative [171] and EDSO 
for Smart Grids [172]. EU member states are encouraged to introduce Smart Grids 
as part of the modernisation of distribution grids in order to enable decentralised 
generation and improve energy efficiency [173]. Policy in the United States is 
determined by law [174] and organised in the Department of Energy GridWise 
program [175]. 

Two approaches to define the subject are common. The first approach focuses on 
the (power system) challenges that the grid faces, for example due to introduction 
of variable energy sources, and recognising the deregulated framework in which 
the Smart Grid operates:  

[I] Smart Grids are the set of technology, regulation and market rules that are 
required to address the challenges to which the electricity network is 
exposed in a cost-effective way.  

Math Bollen, Adapting the Power System to new Challenges [118] 

This is a technically neutral definition focusing on the challenges. An alternative 
approach is taken in this thesis. Acknowledging the importance of new technical 
possibilities to an aging power system infrastructure the Smart Grid term is defined 
based on the available technology:  

[II] Electric power system that utilizes information exchange and control 
technologies, distributed computing and associated sensors and actuators, 
for purposes such as: 
– to integrate the behaviour and actions of the network users and other 
stakeholders, 
– to efficiently deliver sustainable, economic and secure electricity supplies. 

IEC Electropedia [26] 

Definition II above provides a non exhaustible list. The definition follows the 
approach of the IEC Smart Grid Strategic Group [167] and the IEC Technical 
Committee 57 reference architecture [176]. In line with the Smart Grids European 
Technology Platform it focuses on the need to “intelligently integrate the actions of 
all users connected to it – generators, consumers and those that do both – in order 
to efficiently deliver sustainable, economic and secure electricity supplies” [177]. 
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Unlike the development in North America the adoption of the Smart Grid in 
Europe, and Scandinavia in particular, is seen as a gradual and incremental 
adoption of Information Communication Technology (ICT) followed by a step-
wise implementation of new functionality using the available information and 
technology. This is the historical perspective taken in Section 5.2.  

Somewhat simplified; much of the technology envisioned for the Smart Grid – at 
distribution level – already existed at the transmission level two decades ago. With 
the spread of the technology to lower voltage levels the number of substations 
increases from hundreds to thousands or, at customer premises hundreds of 
thousands. While the device costs can be expected to go down with economies of 
scale the amount of data to be processed increases by two or three orders of 
magnitude. The cost for this does not go down without adopting new approaches to 
data handling. Likewise the integration costs to configure, connect and integrate 
each device must be reduced dramatically compared to the time traditionally 
allowed to implement corresponding functionality at the transmission level. This in 
turn requires interoperability on levels not previously envisioned for the electric 
power engineering domain. It requires new services, standardised engineering 
processes and novel automated system management and data processing methods. 

Just as the hosting capacity concept allows greater comparability and transparency 
towards the different stakeholders when it comes to discussions about the amount 
of renewables that can be integrated into grid, a layered approach can be 
pedagogical when assessing the Smart Grid and its related technologies. A clear 
distinction of the area and type of interactions being discussed facilities the 
stakeholder interactions, clarifying objectives. Several such models exist for 
describing the Smart Grid. The practical implementation described in Chapter 6 
and appended papers VI and VII can best be understood in the context of the Smart 
Grid Architecture Model, (SGAM) described in Section 5.3. 

5.2 Historic outlook: evolution of the power system 

The first three phase systems were developed independently in Germany 
(Dobrovolskij and Haselwander), USA (Nicholas Tesla) and Sweden (Wenström) 
at the end of the 1880s. The system developed by Wenström at ASEA (now ABB) 
was arguably the first complete system for three phase alternating current including 
generator, transformer and motors. In 1893, the first year of commercial use of a 
three-phase system, this arrangement was put to use in the mines near Ludvika 
[178]. This allowed alternating current to drive a motor and be transformed to 
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higher voltage levels, thus enabling electricity to be transferred over long distance 
with acceptable losses. Development of primary systems for the electricity grid 
developed rapidly around the start of the 20th century. Power could be distributed 
from a “substation” without local production. Multiple generating plants could now 
be interconnected whereas before each local grid needed to be fed from its own 
power station. The interconnected grid was realised. 

The first secondary systems followed with the development of electromechanical 
protection relays in the early 1900s. Static or electronic relays followed in the 
1960s. The present era with microprocessor based relays started in the beginning of 
the 1980s. The high functionality and ever growing amount of information stored in 
those relays, control and measurement terminals (called IEDs, Intelligent Electronic 
Devices hereafter) open up vast possibilities if the data could be more widely 
spread and utilised.  

Power system automation is the act of automatically controlling the power system 
via instrumentation and control devices. Although the first remote controlled power 
stations were in place by 1925 [179] it was not until the 1960s, and the advent of 
computerised process control, that modern power grid control systems as we know 
them today became possible. The SCADA/EMS/GMS (Supervisory Control and 
Data Acquisition/Energy Management System/Generation Management System) 
that emerged were designed exclusively for a single customer. From the beginning 
only the remote terminal was digital and data was cyclically sent upwards towards 
the SCADA that processed it centrally. Utilities created communication and 
application departments that had little need to interact. The protection and control 
experts decided what information was needed where and the communication 
department implemented the communication, caring little about what sort of 
information they where handling. Today all relays and control terminals are IEDs 
capable of processing and analysing the collected data. Information can be 
evaluated and refined at its source and sent upwards as required. 

In the 1980s Automatic Meter Reading (AMR) emerged for monitoring loads from 
large customers, and evolved into the Advanced Metering Infrastructure (AMI) of 
the 1990s [180] that are now considered as a key component of the Smart Grid, see 
Figure 5.1. Today such metering infrastructure covers nearly all users in countries 
like Italy and Sweden, yet many potential uses of the collected data remain to be 
realised. 
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Figure 5.1 Incremental deployment of Smart Grid technologies to deliver increasingly advanced 
applications. Based on [181].  

Wide Area Protection Schemes (WAPS, also known as remedial action schemes, 
RAS, or Special Protection Schemes, SPS) appeared for power system discrepancy 
not directly involving specific primary and secondary equipment. The first phasor 
measurement units were in operation by the year 2000.  

The accomplishment of the last century’s electricity grid is described by the U.S. 
National Academy of Engineering as the greatest engineering feat of the 20th 
century [182]. It was in effect so successful as to become virtually invisible, a mere 
two holes in the wall. With the deregulation of the energy sector in the 1990s the 
vertically integrated utilities (with production, transmission down to customer 
distribution) no longer were the norm and the requirement to exchange operational 
data between multiple systems emerged with increased market exposure. 

The fully automated power system allows on-line control and monitoring of 
primary and secondary equipment and the communication infrastructure. Adding 
an array of sensors monitoring the elements, lines, cables and power quality and a 
fourth application layer of the grid appears above the information layer. This 
application layer allows a range of new possibilities including: 

 Feedback to consumers about their electricity consumption with high time 
resolution. 

 System-wide monitoring to detect trends that point towards an increasing 
risk of cascading outages. 

 Optimal load-shedding as an alternative to overload protection in 
transmission and sub-transmission grids. 
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The picture that comes through is not of a Smart Grid as a new paradigm but a 
gradual and ongoing transformation towards a grid with increased functionality, 
optimising production and operation, even while making greater use of installed 
capacity. It is “smart” when it still can (according to definition II) “efficiently 
deliver sustainable, economic and secure electricity supplies”, leaving the end user 
to worry about other things than what goes on behind the “two holes in the wall”. 

5.3 Smart Grid Architecture Model 

In this section an architecture model of the Smart Grid is introduced that focuses on 
the different layers of interoperability. Figure 5.2 shows an electrical grid 
represented by several conceptual layers. The first layer shows the power flow 
through primary infrastructure. The second layer shows the information exchange. 
The top layer contains the applications that use the information. 

 
Figure 5.2 Layers of the Smart Grid. Figure adapted and extended from [168]. 

The various Smart Grid actors have been specified in the NIST conceptual model 
of the Smart Grids [183] which describes the communication between markets, 
operators, service providers, bulk generators, transmission and distribution systems. 
The consumers in Figure 5.3 may now have production facilities and demand-
response capabilities (and are hence referred to as “prosumer”). 
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Figure 5.3 The NIST Smart Grid Conceptual Model, as seen from the customer domain.  

Several models of the Smart Grid have been developed of which the IntelliGrid 
Architecture from Electric Power Research Institute (EPRI) [184] and IEC 
reference architecture for power utility automation [176][167] are worthy of 
specific mention. The basic Smart Grid model in Figure 5.2 is a simplification of 
the Smart Grid Architecture Model (SGAM) [185] which has been developed by 
CEN, CENELEC and ETSI standardisation bodies in response to the EU 
Commission mandate M/490 [186]. This framework focuses more on the multiple 
types of interoperability required on component, communication protocol, 
information, functional and business objective level. 

The SGAM model divides the components of the power system into a number of 
domains and zones. The system management for the Distributed Energy Resources 
(DER) spans the process, field, station and operation zones [187], with DER 
present also on distribution and customer premises domains. Interactions also exist 
in the enterprise and market zones and possibly also with the transmission domain, 
see Figure 5.4. 
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Figure 5.4 Smart Grid Architecture Model (SGAM) component layer showing power system 
domain, planes and hierarchical zones. 

The SGAM model further defines five layers of interoperability between 
components, communication protocols, information models, functions and on the 
top layer business objectives and processes as shown in Figure 5.5. 

 
Figure 5.5 Interoperability dimensions of the Smart Grid Architecture Model (SGAM) 
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To communicate effectively one needs a communication channel together with a 
well defined protocol. A set of services for the interaction between the different 
devices in the component layer is likewise required. According to IEC 61850 two 
devices (or IEDs as they are called in the standard) are interoperable if they have 
the ability ”to exchange information and use that information for correct 
cooperation”. Or in the words of [188] two or more devices, components or 
system, are interoperable if they are “able to perform cooperatively a specific 
function by using information which is exchanged”. 

Traditionally the data exchange from the components has been considered 
interoperable if it uses a well defined format (syntax). In Smart Grids also 
information shall be interoperable which requires standardised meaning of the 
information (semantics). This removes the need to manually translate data points to 
their information content in the controller. Such semantics are defined in the 
information model of standards like IEC 61850 for power utility automation and 
Common Information Model (CIM) standardised as IEC 61970/61968/62325 for 
application program interfaces of energy management systems within the 
transmission/distribution and energy market communications domain. The 
information content in the signal names of IEC 61850 is compared in Figure 5.6 for 
a legacy protocol without semantic (standardised naming based on an ontology) 
and a modern information model (here IEC 61850). 

 
Figure 5.6 Comparison of data communication using other protocols 
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Interoperability is not only required on the communication and information level. 
To interface many different kinds of devices within the Smart Grid, interoperability 
in the form of common functionality to support various grid services and advanced 
grid management is also required. The functional layer provides a list of functions 
required for the execution of a business process. In the power engineering context 
this can be supported by well defined engineering workflows, system management 
and configuration procedures that will lower the overall integration cost when 
connecting hundreds or thousands of devices to each other. This is at the forefront 
of electric power system standardisation activities today and has not previously 
been required within the power engineering field. 

Finally the last domain into which interoperability is required is for business 
objectives and processes, ensuring that business services and underlying 
architectures are developed in a consistent and coherent way. “The roles used in the 
business interactions must be defined and agreed upon, or otherwise the 
responsibilities carried out by those roles are inconsistent and the interactions (and 
consequently the interfaces) between roles are unclear” [189]. The SGAM can be 
used to map regulatory and market structures, policies and business models of 
various involved parties. The intent is to express in an interoperable way the 
business capabilities and business processes in this layer. Also economic and 
regulatory constraints need to be communicated in an interoperable way between 
actors. The Harmonized Electricity Market Role Model by ENTSO-E, EFET and 
ebIX [188] is an example of such a business model description by [189].  

In Paper VII Coordinated control of DER – implementation, the SGAM model is 
used to analyse and categorise the interoperability requirements of a Virtual Power 
Plant (VPP), an aggregation of distributed energy resources in order to make them 
appear as a single, larger, power plant).  

5.4 The information layer and the role of communication  

Information Communication Technology (ICT) in power utility automation 
promises new possibilities to improve operating performance and information 
management through the horizontal and vertical integration of processes. 
Incorporating information technology allows improved grid operation and asset 
life-cycle management and has proven to improve reliability and availability [190].  

With a far reaching ICT-infrastructure a wide array of new two-way sensors can be 
introduced in all parts of the grid, detecting voltage, current, power, temperature, 
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pressure, wind, sunlight, anomalies, stress, failures, hacking and more [191]. An 
example is the use of real-time information about the thermal capacity of power 
lines and cables for dynamic line rating that was studied and described in Paper I. 

Yet the challenge is not so much strict communication requirements such as 
availability and reliability and latency. With the exception of a few novel wide area 
protection schemes response times of minutes is often shown to be sufficient [192] 
[193] [194]. The criticality of the communication link may also be more or less 
relaxed compared to some existing end-to-end communication used for current 
differential protection or acceleration or blocking transfer schemes. This is simply 
because the number or participating actors means that a few missed reactions 
becomes less critical. Also back-up schemes can be in place if the main scheme 
fails (i.e. trips the entire wind turbine by overvoltage protection in the rare case of 
curtailment not happening as requested). 

5.5 The application layer - data processing challenge  

Rather than the communication performance requirements, the main engineering 
challenge of the Smart Grid is probably the handling of the vast amounts of data 
collected. Especially during large disturbances in the grid there could be the need 
for a lot of information exchange. The capacity problem might have been shifted 
from the power grid to the telecommunication network.  

Collecting raw data is one thing, to intelligently utilise the vast amount of data is 
something else. The challenge to the Smart Grid lies in presenting available data in 
a meaningful way so that operators, automated schemes and consumers can act 
appropriately upon the near real time information. Likewise information, such as 
technical data, circuit diagrams, maintenance information and location needs to be 
kept together and managed for devices of equipment in the grid and presented 
appropriately for different users. 

The secondary technology is becoming cheaper and the ICT infrastructure all 
encompassing. This allows techniques and products now only applied to the 
transmission and sub-transmission systems to move down to distribution level. This 
does not mean that the planning and operation of the distribution grids will become 
more like that of the transmission system. Today’s protection, control and 
supervision systems in the transmission system are far too engineering intensive for 
that to be possible. Instead it is likely that the operation of the transmission system 
will become more like that of today’s distribution system where the desire is not to 
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avoid a phenomenon at all cost but sometimes only to limit its impact. An example 
is the approach in Paper III Risk-analysis of new grid operation paradigms, where a 
number of alternatives to the (N-1) criterion are studied. Classically, the overload 
of a line in a meshed grid would result in tripping of that line followed by a cascade 
of other lines tripping. Such a cascading after a minor line overload resulted in the 
splitting of the European transmission grid in 2006; with the loss of 17 000 MW of 
consumption and 11 000 MW of production as a result [195]. The curtailment of a 
much smaller amount of consumption or production at the right location could 
possibly have resolved the overloading. 

Using the methods studied in Paper III the consequence of a potential overload will 
be the curtailment of just enough of (in this case) production to avoid tripping of 
the line. The methods can further be extended to include different types of 
transmission-system stability like voltage or frequency stability. By reducing the 
impact of line overload or instability, it is no longer needed to avoid this at any cost 
and the need for investments in primary infrastructure becomes less. 

5.6 Interoperability standards 

Automation, especially the ability of appliances to communicate directly with the 
grid, depends on the development of standards. As argued in Section 5.3 the 
seamless integration of many devices requires both well defined semantic 
(standardised meaning) and syntax (structure) of the exchanged information. In 
other words: what matters is not so much the messenger but the message that is 
sent. GridWise, a U.S. Department of Energy programme focused on developing 
information technology to modernise the electrical grid, introduces eight 
categorises interoperability between systems or components [196]. 

Several assessments of Smart Grid standards have been made. The U.S. National 
Institute of Standards and Technology Smart Grid Interoperability Panel has been 
appointed the task of providing a framework for coordinating all Smart Grid 
stakeholders in an effort to accelerate standards harmonisation and advance the 
interoperability of Smart Grid devices and systems. Their first assessment gave five 
"foundational" sets of standards [197], but has since been extended to some 75 
standards [198]. The initial set were IEC 61850 and associated security standard 
IEC 62351 together with the related IEC TC 57 standards IEC 61970, 61968, 
62325 and 60870-6 for control centre information exchange. The same standards 
were recommended by CENELEC in an assessment for the European Commission 
[199]. According to IEC Smart Grid Standardization Roadmap [167] and reference 
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architecture [176] IEC 61850 is used for the device to application communication 
while CIM is preferable for inter application information exchange. 

The IEC 61850 standard for power utility automation [200] defines, in its first part, 
three pillars of interoperability: standardised naming and interfaces; formal syntax; 
and protocol common services that are specified independent of any one protocol 
implementation, see Figure 5.7. 

 
Figure 5.7 The IEC 61850 standard’s “three pillars of interoperability” that enable components 
and systems to interoperate in a Power Utility Automation System, while remaining 
implementation independent. 

The approach of the IEC TC 57 reference architecture [176] is to standardise 
protocol independent object and services models and use formal structure where 
data is ordered according to its content. This allows client and server to be 
connected by various types of communication networks with different geographic 
and utilisation constraints as well as different grid topologies. The Communication 
media may have varying configurations, such as point-to-point, multi-drop, mesh, 
hierarchical, WAN-to-LAN, intermediate nodes acting as routers, as gateways, or 
as data concentrators. The communication may be fibre, power wave carrier or 
wireless, depending on the requirements and available infrastructure. 

The semantics (data models) and services that are standardised can be mapped to 
various protocols, even if only a few mappings should be permitted at any given 
time. 





 

 

 

 

 

 

Part II: 
Practice 

 





 
Figure 6.1 STRI RD&D. The blue container in the foreground is the first installation built 2009-
2011. The second installation in the background was built 2012 and 2013.  

 
Figure 6.2 Interior of 2nd RD&D with lithium-ion batteries, 12 kV transformer and substation. d
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Figure6.3 Interior 1st RD&D with hydrogen and batter storage (left) and electronics (right). 

 

 
Figure6.4 Single line diagram of RD&D as implemented in Copa-Data Zenon SCADA. 

 
Figure 6.5 MV grid integration, extension to EV charging at STRI and wind park. 



Chapter 6  

Implementation 

The ultimate court of appeal is observation 
and experiment and not authority. 

Thomas Huxley 

Figure 6.1 Figure 6.2 Figure 6.3 Figure 6.4 Figure 6.5 

This chapter describes the Smart Grid Research, Development and Demonstration 
(RD&D) platform with wind and solar power, together with battery and hydrogen 
storage. It is designed as a flexible platform to test the various components, and 
decision-making functionalities of the Smart Grid under close-to-real-world grid 
like conditions, but without the risk that customers are adversely affected by the 
trials. The facilities are fully integrated with the medium voltage grid. They were 
built in two steps described in Section 6.2 and 6.3 respectively.  

6.1 Background 

As described in Section 1.1 and Chapter 2, power systems face a number of 
challenges, including the integration of renewable production from photovoltaic or 
wind turbines. Classical solutions for this are to strengthen the grid by building new 
lines, cables or substations. As an alternative to this a number of new solutions 
have been suggested by many actors, which together are often called “Smart Grids” 
and described in Section 3.8 as well as Chapter 5. The Smart Grid solutions use 
modern power electronics, information communication technology and other 
technologies which were not available the last time big investments were made in 
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the grid. Examples of these technologies are battery storage, broadband 
communication and voltage source converters.  

Supervisory Control and Data Acquisition (SCADA) systems were introduced in 
the 1950s, together with the first control systems, addressing the problem of 
monitoring visualisation and supervision of industrial plants and electrical grids. 
Through the decades, novel technologies like telemetry and computer-based 
solutions have been deployed, yet the SCADA concept is fundamentally the same 
today.  

The society we live in is dependent on clean and reliable electricity and we, the 
power engineers who deliver this, are rightly notorious for our insistence that 
electricity supply should never be jeopardised by unproven technologies. Therefore 
thorough verification and testing needs to be done before solutions based on novel 
techniques can be used in a large scale. This verification can be done in a number 
of ways. Many simulation studies have been and will be done to investigate the 
benefit that the different solutions provide. The studies described in the appended 
papers of this thesis constitute such contributions. The studies use data series from 
real grids to assess the potential gain from the studied application. As they are post-
analysis the prediction errors and real-time behaviour of the required control loop 
could not be investigated. Therefore the ability to realise the gain under realistic 
operational circumstances still needs to be proven in field trials. 

Another way of verification is through small scale models at laboratories in the 
universities or at research institutes. Such studies are often performed at 
considerably lower voltage levels and with implementations on flexible processors 
or PCs that are providing performance that may not be realistic for final 
commercialised communication channels and processing platforms. The power 
system conditions can also differ greatly from the real grid. 

There are also plans and projects to build large demonstration platforms or entire 
“Smart Cities”, where new technology and applications will be shown in reality. 
This is of course the ultimate proof of concept, yet the cost effectiveness of such 
full scale deployments is questionable if it has not been preceded by proof of 
concept testing of the individual components. 

What was deemed as missing was a platform which has the flexibility of a 
simulation or a laboratory platform but is realistic enough to be used for 
conclusions about the behaviour in reality.  
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6.2 The first installation 

The first RD&D was constructed 2010-2011. The RD&D was based on a previous 
fuel cell installation for reserve power that also included 1 kWh super capacitors. 
The first container size installation is shown in Figure 6.3. It was a single phase 
400 V installation. The RD&D consisted of: 

 3 kW solar cells 
 2 kW wind turbine 
 15 kWh lead-acid batteries  
 3 kW fuel cells and electrolyser 
 Gas tube and metal hybrid hydrogen storage 

The focus was on implementing a flexible AC-DC bus, allowing all components to 
be connected to either an AC or DC bus. As most DER, including the fuel cells and 
batteries, produce DC current the idea was to see if the microgrid could be 
implemented as a DC grid to avoid the losses associated with AC conversion. 
However, it was difficult to find a common DC level for all components and the 
DC current from several devices where not possible to have simultaneously on the 
DC bus. Experience from construction of this platform is further described in [201]. 

Control was implemented in LabView with Modbus as a protocol. The 
implementation of the control system is described in [202]. The IEC 61850 
modelling described in [203] was not possible to implement in the controller. 

 
Figure 6.6 Operator interface single line diagram of the 1st RD&D platform 
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The facilities where used to develop methods to cycle storage according to 
requirements in a grid simulation as described in [204] and [205]. Due to the type 
of batteries (lead-acid) and small domestic chargers used, the response of the 
storage is not characteristic of grid-scale storage installations. However, the method 
was further developed for a real-time hardware in the loop test described in Paper 
VII Coordinated control of DER – implementation. 

6.3 The second installation 

The second step of the RD&D is a three-phase 12 kV installation. It consists of 200 
m2 / 30 kW solar panels and a 30 kVA lithium-ion Battery Energy Storage System 
(BESS) with two Voltage Source Converters connected to the 10 kV grid through a 
0.4/10 kV transformer. The installation is shown in Figure 6.1 and 6.2. The system 
backbone consists of a 400 V AC bus with converters. The single line diagram is 
shown in Figure 6.7. 

 
Figure 6.7 Set-up of 30 kVA rated PV and BESS system. PV inverter works autonomously. For 
microgrid synchronisation the BESS measures voltage on the low voltage side of the transformer. 
The BESS is the voltage source of the microgrid and controls the CBR1 breaker, enabling island 
operation. 

The system is protected by a transformer protection relay, an interlock relay and 
internal protections of the equipment. The control system of the BESS handles 
islanding mode as well as synchronisation before reconnection to the main grid. 
This requires one breaker (CBR1 in Figure 6.7) to be controlled by the BESS. The 
control systems of the PV and BESS converters are described in Paper VIII 
Interaction of DER electronics. 

The lithium-ion based BESS with its bidirectional converter is based on two 
Voltage Source Converters (VSC) with rated power of 30 kVA for the AC/DC 
converter and 25 kVA for the DC/DC converter. Due to a bidirectional power 
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converter, the BESS can operate with P-Q control (when grid-tied) and with 
voltage-frequency control (in island mode). This allows the microgrid with BESS, 
PV and local modes to operate in island mode. Figure 6.8 gives a simplified 
drawing of the BESS. 

 
Figure 6.8 BESS converter diagram including AC-DC and buck-boost DC-DC converter. 

The BESS has a storage capacity of 17.8 kWh, a maximum charge current of 
22.5 A and a maximum discharge current of 50 A. These ratings lead to a 
maximum charge power of 10 kW and a maximum discharge power of 22 kW. The 
Lithium-Ion Batteries are made of an assembly of 9 modules, each containing 14 
cells connected in series. A separate battery management system interacts with 
BESS controller and optimises the battery performances and protects the battery 
against extreme situations (over charge, over discharge, over temperature). 

One of the major findings of the implementation work with both the first and 
second RD&D was the dependence on accurate state-of-charge estimation. 
Batteries are highly non-linear and the chemical reactions at the anode and cathode 
are not 100% reversible. The ions require a certain time to travel through the 
electrolyte and the battery cells need to reach equilibrium between storage cycles to 
function optimally. A large BESS consist of many individual battery packs and the 
battery management system is of vital importance for the overall behaviour of the 
BESS. The algorithms for detailed state-of-charge estimation are often kept by the 
supplier and not openly available. This is specifically the case for a relatively new 
and immature product as the large scale lithium-ion BESS systems. For this reason 
the integration and experimental use of BESS are important. The state-of-charge 
estimation possible from the propriety battery management suppliers from one of 
the major actors on the market was found to be insufficient for the sub minute 
cycles. 

Control and operation was implemented with communication possibilities both for 
Modbus and IEC 61850. The Modbus communications was implemented using 
LabView DSC and IEC 61850 client is Zenon SCADA system. The IEC 61850 
modelling of the battery storage was specified according to IEC 61850-7-420 and 
then implemented by the supplier in a microprocessor running the protocol stack. It 
was possible to receive signals for the Modbus system directly from the solar PV 
converters and directly from the BESS, as well as from energy meters with adapters 
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for Modbus Ethernet communication. One energy meter is connected to the solar 
panels, two to the BESS (one in each direction) and the two charging poles have 
one meter each. Measurements via IEC 61850 are received directly from the BESS 
and from a power quality meter connected to the solar panels as well as one IEC 
61850 capable meter. Through IEC 61850 the BESS has the possibility to receive 
data from the transformer protection and the transformer supervision system.  

Applications implemented in the RD&D SCADA include reactive power 
compensation of the transformer (Figure 6.9) and an application to cycle the BESS 
according to the loading at the wind park measured as described in Section 6.5. The 
facilities also include two charging posts used by an electric van and a hybrid car 
and the storage can be discharged when the solar production does not cover the 
power required by the chargers. 

 
Figure 6.9 Application example for reactive power compensation with a Proportional Integral 
Derivative (PID) control loop implemented in the SCADAs soft programmable logic controller.  
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6.4 Transformer supervision 

More efficient monitoring and diagnostics of the equipment, as-well as energy 
storage facilities, become alternatives to upgrading the transformers, by allowing 
peak power shaving and controlled short term overload. 

The 315 kVA 0.4/12 kV transformer part of the second RD&D was fitted with a 
transformer supervision system that is integrated into the station control process. 
Existing current and voltage measurements from the IEDs within IEC 61850 
network are mapped to the transformer monitoring system. These are 
complemented with magnetic mounted temperature sensors. The data is used to 
produce the required information for the optimum station process in asset health 
monitoring and overload planning. The following data is shared through IEC 61850 
with SCADA and is also sent to asset management systems: 

 Data flowing to the transformer monitoring system: load, high and low 
voltage side currents and voltages, status and charging level of energy 
storage, and PV production. 

 Data flowing from the monitoring system to station control: transformer 
measured temperatures, transformer calculated hot-spot temperatures, 
overload capacity, aging, historic trends and temperature forecasts. 

With accurate monitoring and calculation of transformer hot spot temperature and 
loading the security margin to protect the transformer from overloading can be 
relaxed. This in turn allows the transformer nameplate ratings to be exceeded under 
certain periods in a safe and secure way. Thus more energy can be delivered to the 
grid than would be allowed according to traditional transformer operation 
restraints, possibly avoiding the need to curtail production or shed loads. The 
transformer supervision system also receives the status of the BESS and can send 
commands to it in order to mitigate detected transformer overloading. 

6.5 Integration to the medium voltage grid 

The facilities of the second RD&D are connected to a 12 kV medium voltage 
substation. This substation has been refurbished with IEC 61850 IEDs from four 
different vendors and with sampled values (IEC 61850-9-2) connection to the local 
utility substation through a 300 m 10 kV cable. Protection is based on a reverse 
interlocking principle. To protect the 10 kV cable between the local and remote 
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feeding substation a differential current algorithm was implemented using remote 
sampled values and local currents from analogue wires is implemented  

The local grid operator granted permission to install an integrated control and 
protection soft PC normally used for HVDC applications. This unit has external 
analogue/digital converters that are connected to a free protection core in the bay 
that feeds among others the RD&D. A substation clock with GPS antenna was 
installed and distributes time reference over the existing Ethernet network. This 
allows any device in the RD&D as well as local and remote substation to be 
synchronised with IEC 61588/IEEE 1588 to sub microsecond accuracy.  

Identical IEC 61850 capable SCADAs to that at the RD&D were also installed at 
two universities 200 and 1200 km from the RD&D. The IEC 61850 traffic was 
receiving directly via a Virtual Private Network (VPN) tunnel implemented with a 
secure server on the RD&D network. The delay times where below 100 ms and did 
not affect adversely the operation of the SCADAs. 

All devices have been configured with the same IP-address domain. In total 28 IEC 
61850 servers are included in the installation. A Virtual Local Area Network 
(VLAN) is provided in the local utility Wide Area Network (WAN) allowing the 
research facilities to communicate with devices mounted in the utility grid. One 
IEC 61850 capable power quality monitor was mounted at one of the two 10/50 kV 
substations for the wind park studied in Papers I-III and VI-VII. This allowed 
detailed monitoring of the power quality and wind generation; see Figure 6.10. As a 
future step the RD&D could be extended to a Virtual Power Plants, a concept 
further described in Paper VII Coordinated control of DER – implementation. 

 
Figure 6.10 Measurements from a wind park 15 km away from the RD&D collected from an IEC 
61850 power quality unit. Data is transferred over a dedicated VLAN in the local utilities WAN. 
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Chapter 7  

Results 

This chapter summarises the approach and findings of the appended papers. Some 
discussions of the results are also included. 

7.1 Paper I Hosting capacity limits, curtailment and line overloading 

Title: Increasing the hosting capacity of Distribution Networks by Curtailment of 
Renewable Energy Resources 

Approach: 

The Hosting Capacity (HC) approach has been applied to a 50/130 kV sub-
transmission grid in the centre of Sweden. Both voltage and current limits 
were considered. The HC was obtained as the largest production capacity for 
which all hourly values of current were below their limits. Only the loading 
and capacity of lines and cables is considered in this study.  

The hosting capacity was determined using a combination of MathWorks 
Matlab® scripts and load flow calculations. The load flows are performed in 
SimPow®, a commercial power system analysis software from [206][207]. 
Other calculations are made in Matlab®. A description of the method is 
available in [160] which include an appendix that outlines the structure of the 
used code and gives the details of the various computation subroutines 
implemented, including extract of the MATLAB and Simulink code for key 
parts of the programme to enable the reproduction of the method in studies of 
other grids. 
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Findings: 

The HC method has been extended to cover Dynamic Line Rating (DLR) and 
curtailment (energy not delivered to grid). The HC is defined as the installed 
capacity for which no curtailment is needed. For installed capacity exceeding 
the HC, the number of hours of curtailment, curtailed energy and the produced 
energy are calculated. Curtailment is in this paper assumed to be performed by 
reducing production just enough to remove the overload situation. (This is 
referred to as “soft curtailment” in Paper II.) 

It is shown that DLR can significantly increase the HC of overhead lines and 
is especially effective in combination with curtailments. 

Discussion: 

The method used in this paper to calculate the hosting capacity is developed in 
order to be easily applicable to grid operators. Therefore only commonly 
available data such as hourly measurements of load and consumption were 
used. Required grid information is limited to line, cable and transformer 
parameters required for a basic load flow calculation. This approach makes the 
method widely usable but eliminates the possibility to study short time 
duration effects and limits the phenomena that can be studied. In lieu of 
detailed modelling of the generators, production is taken as “negative” loads 
in the load flow calculations. Such a relatively simple model is sufficient for 
thermal overload and voltage rise, which often are limiting the amount of 
DER that can be connected to a distribution grid. For other performance 
indicators the need of extended models and higher time resolution has to be 
assessed case by case. 
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7.2 Paper II Curtailment and transformer overloading  

Title: Overload and Overvoltage in Low-voltage and Medium-voltage Networks 
due to Renewable Energy – Some Illustrative Case Studies 

Approach: 

This paper was a compilation of four case studies applying the Hosting 
Capacity (HC) approach to measurements in different grids. In three cases 
measured currents or voltages were combined with simulated production from 
wind and solar power. For validation, a fourth case study with both measured 
production and derived currents from measured consumption was included. 

A distinction is made between traditional removal of production by means of 
protection and inter-tripping and on the other side gradual curtailment of 
production with a communication and measurement infrastructure. The terms 
“hard” and “soft” curtailment are introduced to describe this and the different 
information to be exchanged in the four cases is discussed. 

The hosting capacity was calculated with the same method as in Paper I with 
extension implemented for energy storage cycling See [160] for a detailed 
description including extract of the SimPow power system analysis and 
MATLAB code used. 

Findings: 

The paper shows that HC is a universal method to compare the possibility to 
integrate DER into different grids and locations, even when different power 
system phenomena are limiting the installed capacity. The comparison of 
these case studies was the basis for the definition of the hosting capacity 
coefficient in Section 3.5. 

A distinction is made between hard and soft curtailment. For hard curtailment 
it is assumed that all production units downstream of a certain location in the 
grid are disconnected. This is very close to the traditional protection relaying 
approach but instead of tripping the overloaded components, the installations 
causing the overload are disconnected from the electrical grid. For the soft-
curtailment case it is assumed that the production will be reduced just enough 
to remove the overload or overvoltage situation that would otherwise occur. 
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For each of the four case studies, technical implementation issues and 
communication needs are discussed. The information and communication 
needs can be generalised to three cases; 

 Local implementation: The communication needs are straightforward in 
a set-up where DER limitation is in the subscribed power of a single 
customer. There is only one place where the voltage and current has to 
be monitored and the installation whose power output is to be limited is 
located nearby. 

 Collection of data from a few external grid locations: In the case of 
DER limited by HV/MV transformer the maximum allowed production 
needs to be calculated from the measured current through the 
transformer. Either a permitted amount of production must be sent to 
the production unit or the transformer current is sent directly and the 
production limit calculated at the site of the wind-power installation(s). 
The required accuracy and response time of measurements in the 
transformer substation is modest and could be obtained from the 
SCADA system or from one or two relays in the substation.  

 Collection of data from multiple external grid locations:  
In the case of overvoltage due to renewables, soft curtailment would 
require periodically updated voltage measurements collected throughout 
the area of concern. The amount of production decrease could be 
predefined depending on the local overvoltage measured but needs to be 
assessed by controllers, and coordinated between multiple DER sites.  
The required communication infrastructure depends on the amount of 
uncertainty (risk) the different stakeholders are willing to accept. Such 
schemes could utilise a smart metering infrastructure where a data-base 
with periodically updated values is accessed. Another option would be 
to directly access data from protection relays and control terminals 
referred to as intelligent electronic devices. Once limits are exceeded an 
alarm signal is sent from the affected grid locations. A large 
communication infrastructure is needed, possibly covering all low-
voltage customers, with an access time of a few seconds. However the 
amount of communication would be limited during normal operation. 

Discussion: 

The gain, in the form of additional production that can be installed, varies for 
the four examples. For three of the examples with limit in overloading the 
amount of curtailment is similar for the same normalised installed capacity. 
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However for the fourth example with voltage limit the need for curtailment is 
much less for the same relative increase in installed capacity. The possible 
generalisation of this result is a matter of future research in more grids.  

The paper proposes using production curtailment instead of grid reserve. 
Figure 7.1 illustrates the principle. 

 
Figure 7.1 Illustration of traditional grid reserve. The maximum production of both wind parks 
must be able to go through either one of the transformers. In normal operation (left) the 
transformers are only partly loaded. During a contingency, with one transformer out of service 
(centre), both wind parks can produce at maximum capacity. With a curtailment scheme in place 
it would be possible to install twice the amount of wind-power capacity. If a transformer fails 
(right) half the wind-power production may have to be curtailed, but only when consumption on 
the common feeder is low and wind-power production is close to its maximum amount. 

The net result of the curtailment scheme is to move the reserve from the grid 
to the user. In countries where the regulatory framework implies that the wind 
park operator must pay for the grid investment directly this reduces to classic 
issue of capital versus operational costs. For the case with reserve in the grid 
spare capacity is always there; and contributes to high capital costs of the grid. 
In the second case the reserve is, in effect, with the users. There is not the 
need for the same spare capacity and costs are inflicted only once overloading 
occurs (assuming the investments costs in control and communication are 
small). The user is in this case the wind park operator. For him it may be 
financially sound to take the risk (and the cost) of a possible curtailment 
instead of paying the higher grid connection fees required to increase the 
capacity of the grid. Also the grid operator will gain income through transfer 
of more electricity and could be willing to support the implementation of such 
a scheme. Quantifying these risks was the basis for the study described in 
Paper III Risk-analysis of new grid operation paradigms. 
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7.3 Paper III Risk-analysis of new grid operation paradigms  

Title: Risk Analysis of Alternatives to N-1 Reserves in the Network 

Approach: 

A complete study of a grid hosting capacity should also include the reserves. 
This reserve capacity is often associated with the N-1 design criterion. This 
criterion means that the grid should withstand any given single component 
failure. The N-1 criterion implies that transformers, lines and cables must 
withstand the current for any possible combination of production and 
consumption even if a single component fails. With traditional grid planning 
alternatives more wind power, without investments in the grid, increases the 
risk for the grid operator.  

The effect of four alternatives that allow more wind power than the N-1 
criterion is studied. The methods all use curtailment and partially shift the risk 
of overloading to the wind park owner in the form of possible financial losses 
for wind that cannot be delivered to the grid. The four alternatives are: 

1) Local supervision, reducing production when net injection into the grid 
exceeds a limit 

 
Figure 7.2 Local supervision where the wind park production is curtailed if high production 
coincides with low local consumption  

2) Special protection scheme, reducing or tripping production when one of the 
two lines is out of service 

Wind park

Other customers
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Figure 7.3 Special protection scheme where curtailment is required only when one of the 
two power lines is out of service 

3) Global supervision, combining the first two solutions but only limiting the 
production when it would result in an overloading of the single remaining 
power line. 

4) Dynamic line rating, adapting the ampacity (loading capability in amperes) 
of the lines to the actual weather conditions 

These solutions require different levels of monitoring, communication and 
control. 

The study in this paper requires several tens of millions of load flow calculations. 
This is because a load flow is performed for each hour of the studied years where 
the installed wind capacity is increased stepwise for each grid location and possible 
line failures[120]. Because of the number of required simulations the approach of 
Paper I and II, with accurate load flow calculations in a power system analysis 
software, was deemed inappropriate. A simplified method was necessary and DC 
load flows where done in Matlab instead. The DC load flow is a simplification of a 
full AC power flow and includes only active power flows, neglecting voltage 
support, reactive power management and transmission losses [208]. The error 
introduced from the DC load flow varies depending on how the reactive power 
flow affects the bus voltages and the loading. As the line current is related to both 
active power, reactive power and voltage, the line current could be unreliable with 
DC load flow, which assumes a constant voltage value for all busses and zero 
reactive power. The difference in line current from AC and DC load flow for a 
reference case with radial flow was found to be below 20 % for all cases and the 
general assumptions where the same for both methods in the reference cases[120]. 
It was concluded that the use of DC instead of AC load flow did not impact the 
conclusions from the study. 

 

 

Wind park

Other customers
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Findings: 

The four methods have the ability to increase the hosting capacity between 40 
and 220%, as shown in Figure 7.4. Increase is highest with dynamic line 
rating, but this introduces new risks. 

 
Figure 7.4 Annual produced energy as a function of the installed capacity. Indicated is the 
derived hosting capacity for the different solutions in Paper III. 

A distinction between grid hosting capacity (NHC in Figure 7.5) and wind 
park hosting capacity (PHC in Figure 7.5) is also introduced in this paper. 

 
Figure 7.5 Illustration of Node Hosting Capacity (NHC) and Park Hosting Capacity (PHC). 
POC is the point of common coupling between the production and the loads. 



 7.4 Paper IV Use of storage to increase hosting capacity 95 

Discussion: 

Dynamic line rating is found to give the greatest gain in hosting capacity, yet 
the method requires that the conductor temperature along the power line can 
be accurately estimated. If this is not the case, safety margins are needed that 
will increase the amount of curtailed energy. 

Failure of the curtailment scheme or special protection scheme could result in 
a large-scale interruption of the supply. Mechanisms are needed to avoid this, 
e.g. through the introduction of a “fail-safe” mechanism that prevent blackouts 
by drastically or completely shutting down production for failures of the 
Smart Grid solutions. 

As is also the case with Paper I and II, the results are case studies of specific 
grids. More work is needed on other systems to determine under what 
circumstances these results can be generalised. 

7.4 Paper IV Use of storage to increase hosting capacity 

Title: Dimensioning of Energy Storage for Increased Integration of Wind Power 

Approach: 

This paper extends the use of the HC method to storage applications. It studies 
the improvements to the performance indices from energy storage in the case 
of transformer overloading due to excessive amounts of installed wind power. 
The amount of curtailed and delivered energy to the grid is given for a range 
of efficiencies and power ratings of the storage installation. 

The storage is cycled in order to reduce the number of overloaded hours and 
the magnitude of overloading. For a detailed description of the software 
implementing the described method see the appendix of [160]. 

Findings: 

The benefit of additional storage capacity diminishes after a certain amount. 
This is called the point of diminishing returns and is shown for one of the 
studied grids in Figure 7.6. Beyond the point of diminishing returns the per 
unit profit from installing storage capacity decreases. Thus the point of 
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diminishing returns can be taken as a technical limitation to be considered in 
the cost-benefit analysis of a BESS installation. 

 
Figure 7.6 The point of diminishing returns for a 10 MVA 40/10 kV transformer in central 
Sweden, reproduced from [21]. 

The paper concludes that storage is not an appropriate solution to store away 
the complete overproduction from renewables as this would require excessive 
capacity that would be very seldom used. The storage capacity is 
recommended to be kept below the point of diminishing returns. This is 
achieved by letting curtailment take care of the overload that the storage 
cannot handle. 

Discussion: 

The algorithm of storing and discharging energy to the BESS needs to be 
optimised for each application of the storage. The paper takes into account 
only one application of the storage where the batteries are used to mitigate 
overloading. The applied cycling is straight forward; in the study charging 
commences as soon as overloading occurs. Once the overloading is over, the 
storage is emptied as quickly as the grid and BESS can handle it.  

Refinement of the energy storage model used in this paper would be required 
for simulations with shorter time-scales where dynamic aspects of the BESS 
need to be included in the BESS model. The study is made through post-
analysis of data. As the algorithm charges and discharges immediately when a 
hosting capacity limit is passed there is no requirement for prediction. This is 
in fact a significant benefit of the proposed cycling method. With other 
applications the prediction influences the results as is further discussed in this 
thesis under the results section of Paper VI Coordinated control of DER – 
potential. 

Completely avoided overloading
Partialy avoided overloading
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More detailed algorithms for the storage application could include the varying 
efficiency and performance of the battery systems depending on their state-of-
charge and relaxation time. This would enable the modelling and comparison 
of different battery types.  

In the study, the power flow is derived for 10/130 kV and 50/130 kV 
transformers. The storage is placed on the lower voltage side of these 
transformers. A detailed study of the 10 kV medium voltage grid would allow 
comparison between having all storage at the substation and distributing it in 
the medium voltage grid. As argued in Section 4.5 there may not be any 
economies of scale with a BESS. An optimal distribution of the required 
storage capacity may therefore give both technical and economic benefits but 
would require coordinated control of the small storage units. 

7.5 Paper V When to apply battery storage 

Title: The Use of Battery Storage for Increasing the Hosting Capacity of the Grid 
for Renewable Electricity Production 

Approach: 
This paper presents a step-by-step decision-making process to determine when 
battery storage is a valuable option for the grid planner. It outlines a road map 
towards the adoption of energy storage focusing on identifying applications 
where battery storage can produce benefits and additional ancillary services, 
which are not possible to achieve by other means. 
The paper is targeted towards utilities and constitutes a summary of the 
findings of the research conducted into energy storage.  

Findings: 
The step-by-step procedure outlined in this paper can determine circumstances 
and applications for which battery storage is an alternative to traditional grid 
planning options. 
Battery storage is an additional option that can be added to the grid planner’s 
solution portfolio. It is important to gain experience with storage technology 
for it to be effectively and cost efficiently applied when the need arises. The 
steps to determine where it provides unique benefits not possible to achieve by 
other means are as follows: 
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 Determine the grid hosting capacity 
 Define applications for battery energy storage 
 Estimate consequences of operating the grid without hosting capacity 

increase 
 Compare increase in hosting capacity using storage and other methods 
 Assess regulatory aspects and additional income stream 
 Evaluate technical feasibility of proposed storage scheme 
 Verify maturity of solution 
 Full scale deployment 

A positive return on investment will today likely require the use of multiple 
applications of the same storage installation. The participation of grid operator 
in market trading is often restricted. This implies that the ownership of the 
storage will need to be outside of the grid operator with grid support options 
and ancillary services contracted. 

Discussion: 
The price of battery storage has halved between 2008 and 2012[129]. Prices 
are predicted to fall further as the advances in consumer electronic batteries 
are upscaled and commercialised for electric vehicles and grid-scale storage 
facilities. Today the price of a 85 kWh of battery storage (quoted during the 
construction of the RD&D facilities described in Chapter 6) is 4-5 the cost of a 
car with 85 kWh storage. Because of the uncertainty in future costs of battery 
storage, cost-benefit analysis of storage has been avoided within this research. 
Costs become relevant first when the technology becomes available off the 
shelf. Instead focus is on quantifying the gains in economical terms. Also the 
level of direct subsidies and market prices of carbon credits (“green 
certificates” in Sweden [209]) can change considerably in the future. 
Therefore the incomes and present storage cost should be investigated at the 
location and time of planned installation. As an alternative to economic 
measures also the effect on green house gas emissions was studied in [210]. 
These environmental effects vary considerably from energy market to energy 
market depending on the local production mix. As shown in [210] 
assumptions about emissions cannot be transferred from one country to 
another. 
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7.6 Paper VI Coordinated control of DER – potential 

Title: Quantification of Ancillary Services from a Virtual Power Plant 

Approach: 

A Virtual Power Plant (VPP) is a term used for aggregation of Distributed 
Energy Resources (DER) in order to make them appear as a single, larger, 
power plant. After review of potential usages of a virtual power plant four 
applications for grid services are selected. The applications are: 

1) Peak monthly power reduction: Reduce subscribed power to regional 130-
kV grid in order to obtain a lower tariff for the operator of the distribution 
grid. This application also reduces thermal overload, increasing the grid’s 
hosting capacity. 

2) Minimise grid losses: Smoothing of peaks in the power flow in order to 
decrease the losses in the subtransmission grid. 

3) Control reactive power flow: Lower the reactive power flow through the 
130/50-kV transformers by coordinating DER reactive power control 
possibilities.  

4) Balancing: Compensate for prediction error from wind and solar. The 
hydro reservoir is used with battery storage to allow the VPP to act as a 
balance responsible party and meet the forecasted production of the day-
ahead spot market of the wind and solar units. In this way the next day 
stated capacity of the DER units can be confirmed. The limitations set by 
the 50-kV grid on market transactions are specifically part of the 
assessment. 

Findings: 

The potential contribution to grid operation and planning are quantified. If 
local balance responsibility is required the prices on the Nord Pool Spot 15-
minute balance market would make this application most profitable with gains 
of 230 kEUR per year for the studied 50 kV subtransmission grids. Also peak 
reduction shows gains, but far less. Reactive power compensation could give 
only marginal costs savings from reduction of losses while the use of storage 
to minimise losses (decrease the fluctuation in the power flow) failed to give 
any loss reductions at all as losses in the overlying 130 kV grid are less than 
the additional losses in the 50 kV grid that result from power flowing to and 
from the storage installation. This result supports a similar study performed 
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and presented in [21] indicating that there is little gain from storage in 
reducing grid losses. 

The four applications differ depending on which storage is applied first, using 
the other, (secondary) storage only in cases when the power rating and 
capacity of the first (primary) storage is insufficient. Figure 7.7 shows the 
different use of battery and hydro run-off reservoir for the four applications. 
This implies that it would be possible to apply several of the applications 
simultaneously with little performance reduction.  

 
Figure 7.7 Time use of the hydro and battery storages for each studied ancillary service. Top row 
shows balancing with battery as primary storage (left) and hydro reservoir as secondary storage 
(right). Middle row: peak monthly reduction with reservoir as primary storage (left) and battery 
as secondary storage (right). Bottom row: loss minimisation with battery as primary storage (left) 
and reservoir as secondary (right).  In the simulations only one application is applied at a time. 

Discussion: 

In this study post analysis is performed in order to find the maximum benefits 
from the VPP that can be achieved. Performance of a real time algorithm is 
then evaluated against such a post analysis calculation. 
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The study uses three years of hourly data. Results are similar between the 
years. However hydro power is subject to dry years resulting in large variation 
in hydro production. On average hydro power produced 65.5 TWh 1960-2011 
(just under half of the total electricity production in Sweden). “Dry” years can 
produce as little as 50 TWh and “wet” years as much as 78 TWh [211]. This 
in turn requires longer time series for evaluation applications relying on 
hydropower.  

Real time applications require an accurate approximation of the loading and 
production in the next couple of hours. In recent decades considerable 
investments have been made to accurately forecast consumption as well as 
renewable production and several such algorithms have been developed for 
storage applications [212][213]. Forecasting also lies behind bids on the spot 
and balancing markets. Therefore bids are recommended to be used as 
forecasts in the algorithms. This requires that weather forecasting used in the 
forecast can be broken down to small geographical areas so that also the bids 
become representative of individual DER units and have a realistic variation. 

When approximating the future production and consumption it is also 
important to have a good estimate of the error in the forecasts in order to 
reserve sufficient capacity in the BESS to ensure that the peak can be handled. 
The performance will decrease both with accuracy of future production and 
consumption estimation and with longer prognosis. 

7.7 Paper VII Coordinated control of DER – implementation 

Title: Virtual Power Plant for Grid Services using IEC 61850 

Approach: 

The paper analyses the communication information and functional 
requirements of an aggregation of DER in the form of a VPP. An assessment 
of existing Smart Grid Architectures and standards is carried out and the needs 
of the proposed VPP compared to existing functionality in mainly IEC 61850 
standard for power utility automation. 

Findings: 

Today’s commercially available IEC 61850 devices and SCADA (Supervisory 
Control and Data Acquisition) systems can be used to implement a basic VPP. 
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However, this falls short of enabling the efficient control of all DER in the 
future grids described in the paper. As the number of distributed energy 
resources increases, their electronic converters need to provide services that 
help to keep the grid operating [2].  

Interoperability on multiple levels is required to enable the efficient 
configuration and operation of DER in the grid. The traditional level of 
interoperability provided by communication standards within the power 
system domain is limited to the seamless exchange of communicated protocol 
data. This is not sufficient for future grids with a large proportion of the total 
production from renewables. 

For the engineering and maintenance of the VPP to be efficient, manual 
translation of incoming data points to their information content in the 
controller must also be avoided. Implementing specific control actions for 
each participating DER is likewise not realistic as it would be too time 
consuming and needs to be automated in order for the majority of DER in a 
grid to be able to be controlled within VPPs. In order to be able to aggregate 
the capabilities of all DER in a grid, at realistic cost, interoperability is 
required on the following levels: 

 Component dimension: Standardised interface and communication 
channel to access device. Requirements on small generators such as 
those required for small (level A) devices in ENTSO-E grid code [2] 

 Information dimension: Data has well defined format (syntax) and 
standardised meaning of used data names (semantics). The use of 
standardised information models like CIM or IEC 61850 provide this. 

 Functionality dimension: System management functionality for 
aggregation (allowing VPP to automatic configure use of standardised 
services). This includes functions to connect a DER to the VPP 
controller, reading service capabilities of the DER and updating the 
VPP list of resources and capabilities. System control including services 
for data acquisition, monitoring of an aggregation as well as split and 
distribution of control requests to the various DER. The implementation 
of common functionality such as standardised settings for voltage and 
reactive-power control can also be included here. 

 Business dimension: This includes common definitions of measurement 
values and application support to receive data in a format like CIM and 
act on it in pre-defined ways in various billing systems, etc. It can also 
cover the stipulation of common definitions in order to map regulatory 
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and market structures, policies and business processes of the market 
parties involved [189]. 

Discussion: 

Although several of the proposed extensions of IEC 61850 are beginning to be 
drafted within IEC the wide scale implementation in products may require that 
regulators mandate not only specific standardised communication interfaces 
but also specific functionalities in future DER in a similar manner to the EU 
directives on eco-design [214]. European TSOs have proposed grid code 
requirements on even the smallest solar PVs [215]. However, the approach 
would also need to include requirements for the system operators to connect to 
these production units and create control methods, in order to be able to use 
them as the proportion of generation from renewables increases in a grid.  

The implementation described in this paper is limited to the interaction 
between a VPP controller and the DER. The required interaction between VPP 
controller on different voltage levels as well as interaction with DSO and 
market actors requires further implementation. The proposed solution for this 
interaction, CIM, is speculative. Only few actual implementations exists 
where IEC 61850 data is converted to CIM by a controller. This needs to be 
demonstrated further and products implemented with the standard models to 
support such mappings.  

Much research is being done on agent based approaches with autonomous 
distributed units that perform power system task by interacting among 
themselves. This approach is disregarded in the paper. Instead each VPP 
controller aggregates a pre-defined set of VPPs on the lower voltage levels. 
Thus each VPP controller is associated with only one VPP controller on a 
higher level and a TSO and DSO would have only one VPP controller 
controlling interaction to all underlying controllers in the grid. The IEC 
working document IEC 61850-90-15 proposes extension of IEC 61850 to 
automate the inclusion of DER into the VPP controller. The same services 
could be used to aggregate the different DER controllers. The agent approach 
would have little potential to simplify the configuration process. Benefits from 
distributed agent based interaction on the same voltage level (compared to the 
strict tree structure of VPP controllers of Figure 8.1) should be demonstrated, 
they were not apparent from this work. 
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7.8 Paper VIII Interaction of DER electronics  

Title: Converter Induced Resonances in Microgrids due to High Harmonic Distortion 

Approach: 

This paper is an experimental observation from the second RD&D where the 
controllers of the PV and energy storage converters (in the range of 20-30 
kW) were shown to interact negatively creating resonances resulting in high 
harmonic distortion.  

Findings: 

Converter induced resonances can occur in a microgrid during island 
operation. The probability of such resonances occurring also in future Smart 
Grids with thousands of more or less advanced and off-the shelf power 
electronic converters should not be ruled out. 

Discussion: 

The paper falls short of explaining the cause of the resonances. The 
implementation of a stable and well functioning control algorithm is important 
and the effect of ill conceived control schemes may be revealed unexpectedly. 
How the best practice of microgrid control can be transferred to minimum 
requirements on behaviour of single DER components is a question for further 
investigation. When there are 1000 converters, there are 1000*999/2 (about 
half a million) possible interactions between two converters and 21000 (about 
10300) possible interactions in total. Testing all possibilities is not practical, so 
an alternative approach is needed. Instead some degree of verification that a 
DER control is not prone to fluctuate due to externally induced oscillations or 
transients would be required. This is a type of interoperability of the control 
algorithm that guarantees its stability under conceivable grid operation 
situations. 

The paper is speculative in that the results found in a microgrid are 
extrapolated to a discussion of potential interaction of grids with a large 
proportion of the loads and production interfaced with electronic converters. 
While there is resonance in island operation (grid with zero fault level) there 
would be no resonance possible for a grid with perfect voltage source (infinite 
fault level), as the two controllers cannot influence each other in the latter 
case. This implies that there must be a threshold fault level below which the 
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resonance occurs. Determining this fault level in weak grids is an area of 
further research. If this stability limit could be quantified in terms of source 
impedance an approach similar to the hosting capacity method could be 
applied. Stability could then be assessed for example by using the maximum 
harmonic level as performance index, expressed as a function of the source 
impedance. 





Chapter 8  

Recommendations for Future Work 

The work done within this thesis covers theoretical extensions of the hosting 
capacity method to curtailment and storage as well as practical implementation of 
storage facilities using IEC architectures and standards partly still under 
development. A wide area is covered and several topics were by necessity omitted 
from further study.  

The method to calculate the hosting capacity is developed in order to be easily 
applicable to grid operators. Therefore only commonly available grid data for load 
flow calculation and hourly measurements of production and consumption were 
used. This approach is adequate for thermal overload and voltage rise, but for other 
phenomena that limit the hosting capacity, extended models and higher time 
resolution will be required. 

The hosting capacity is calculated for each point of the grid. In the case of 
overloading, the locations where high currents due to new production occur are 
easy to foresee. With highly dispersed generation the overvoltages experienced by 
many end-users need to be assessed. The calculation of several performance indices 
simultaneously at multiple locations is then required. This in turn requires more 
efficient computation methods. The detailed load flow calculations of papers I, II, 
IV and VI may in such cases be too time consuming. The simplified DC load flows 
of Paper III is one way forward but it must be ensured that the selected method 
provides a high enough accuracy. An over simplification of the calculation will 
require higher margins in the grid planning, which reduces the amount of permitted 
renewables. An inaccurate method may even misdirect investments to the wrong 
solutions or parts of a grid. Such issues need to be considered when applying the 
hosting capacity method as a distribution planning and investment decision tool. 
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Some utilities have been issuing maps with the available hosting capacity in each 
location of a grid (see Section 3.5). Such results are often presented by a utility as a 
fixed limit in installed capacity. The contribution of this research is to evaluate 
energy delivered in context of performance index and agreed upon levels of 
acceptable deterioration. There remains work to define which metrics (performance 
indices) to assess. The hosting capacity limit depends on the acceptable 
performance degradation, the calculation method as well as the resolution and time 
span of used data. For transparency there is a need to agree on both methodology 
and how to present the underlying assumptions behind the derived hosting capacity. 
There is also a need to regulate and/or standardise the acceptable degradation for 
different phenomena. 

With the introduction of curtailment to prevent overvoltage, coordination is 
required with the overvoltage protection. When developing methods to quantify the 
different stakeholders’ risks with curtailment schemes, both the coordination with 
the protection and the handling of communication failures should be included. 
Dynamic Line Rating (DLR) was applied in both Paper I and III showing potential 
gains in the hosting capacity between 50 and 100 % in Paper I. Gains were even 
higher in Paper III when combined with special protection schemes but smaller in 
parts of the grid where some of the overhead lines had been replaced with cables 
[120]. Dynamic line rating is starting to be used by utilities. Also here the risks 
associated with faulty calculations of line rating or communication failure are 
uncertain. The transfer capacity is increased most but not all of the time. 
Overloading will still occur albeit more seldom. When the situation occurs less 
experienced operators may face a chain of disconnected lines. How much an 
investment in a new power line can be postponed with DLR, is an issue for further 
investigation. 

The optimal distribution of storage capacity within a grid is another area for further 
research. Where possible pumped hydro has the advantage of economies of scale. 
The same does not hold for most battery storage technologies. Comparing 
centralised and distributed storage is therefore of interest both from a technical, 
economical and regulatory perspective.  

In the practical experiments the varying performance of the batteries for different 
state-of-charge and power were found to significantly impact the possible gain in 
hosting capacity. The data sheets ratings are derived mainly from standardised 
cycles. The different power system applications will stress the batteries differently. 
To anticipate the performance of batteries for grid applications based on 
standardised cycling is not straight forward. Therefore any major investment in 
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grid-scale energy storage should today be preceded by application specific cycling 
of smaller modules under realistic circumstances. 

In Paper VI Coordinated control of DER – potential, and Paper VII Coordinated 
control of DER – implementation, different DER are aggregated into Virtual Power 
Plants (VPPs). There is a need for more standardisation before VPPs can be 
completely build using open standards like IEC 61850. Shifting loads in time is a 
type of virtual storage. The inclusion of the demand-response capable loads into 
this framework should be straightforward. This allows the VPP operator to 
optimise not only the production and storage but also the consumption of the 
individual units enrolled in the system. The most obvious choice of demand 
response units to include in Sweden would be the two million or so heat pumps, 
especially since most houses and offices are well insulated and a comfort zone can 
be defined within which the temperature is allowed to vary as deemed most 
appropriate for the electrical grid. 

Within this project a Research, Development and Demonstration (RD&D) platform 
has been developed. The RD&D described in Chapter 6 was envisioned as a node 
in an overall scheme to optimise grid performance following the principle of Figure 
8.1.  

 
Figure 8.1 Conceptual view of the electricity grid in which distributed generation, storage and 
demand response are coordinated and actions negotiated amongst participating units.  
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The RD&D allows for testing in a real-world environment while having almost the 
flexibility of a laboratory setup but without any risk for customers. The use of such 
facilities for development and realistic component testing is important. The ability 
to apply promising control schemes from theoretical studies in the actual 
controllers is important. Any effect of real-world devices, communication networks 
and electrical grids on the implementation and performance of the algorithms can 
also be verified by using such a platform.  

The VPP controller implemented in the RD&D (and described in Paper VII 
Coordinated control of DER – implementation) uses a hierarchical structure where 
nodes communicate with an overlying unit but need not communicate amongst 
themselves. However, the view of the Smart Grid outlined in this thesis opens up 
the possibilities for distributed and semi-autonomous intelligence in the grid. There 
is no longer the need for an all encompassing and all knowing SCADA. Still, 
additional benefits achievable through distributed control with interaction of the 
nodes were not found in this work, and need further investigation. 
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Abstract-- This paper applies the hosting-capacity method to a 

realistic distribution system. Under given circumstances the 
hosting capacity for Distributed Energy Resources (DER) 
identifies the degree of DER in power grid that can be accepted 
without endangering the reliability or quality of power. In this 
case study two limits setting the hosting capacity were evaluated: 
overvoltage and overcurrent. Finally it is examined to what 
extent the hosting capacity can be increased with use of real-time 
information and calculation of dynamic performance indications 
that govern the hosting capacity. It is shown that there is 
significant potential for increasing the hosting capacity without 
having to build new lines. 
 
Index Terms-- Distributed power generation, Energy storage, 
Load flow, Power generation planning, Power system 
management, Power system control,  Power system planning, 
Power system simulation, Power quality, Energy resources 

I.  INTRODUCTION 
he introduction of distributed generation will impact the 
performance of the power system. With the desire to 

increase the production of renewable energy it therefore 
becomes important to develop objective means to determine 
the maximum amount of generation that can be connected to a 
power distribution system – the hosting capacity. The amount 
of Distributed Energy Resources (DER) the network can host 
depends on a number of parameters such as the characteristics 
of the generation units, the configuration and operation of the 
network, the requirements of the loads as well as national and 
regional requirements. 

Different distributed generation technologies provide 
different control capabilities over both the active and reactive 
power. The performance of the system may either improve or 
deteriorate after the connection of new distributed generation. 
A deterioration of the performance is not directly a concern, as 
long as the resulting quality is within an acceptable range.  

The hosting capacity is recommended by the European 
energy regulators [1] and by the European network operators 
[2] as a way to quantify the performance of the future 
electricity network (the “smart grid”). The latter also mention 
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the development of methods for calculating the hosting 
capacity in distribution networks as a prioritized activity in 
their roadmap towards the future power grid in Europe. 

The impact of additional generation of DER in a network 
can be quantified by using a set of performance indicators 
such as power quality measurements like voltage magnitude, 
voltage dips and risk of overload.  

The hosting capacity is defined as the amount of distributed 
generation for which the performance becomes unacceptable. 
[3], [4]. The use of a performance index to determine the 
hosting capacity is illustrated in Fig. 1. 

 
Fig. 1. In the hosting capacity approach a power quality performance index is 
considered. With the increase of DER an acceptable deterioration is defined. 
When the increase of new DER generation increases further the performance 
index will pass a limit after which the deterioration is unacceptable. This limit 
to the amount of new generation is taken as hosting capacity for the studied 
performance index. Hosting capacities for several performance indices are to 
be studied to find the limits to new DER generation of a given network. 
 

By defining the performance indicators and levels of 
acceptable deterioration a framework exists in which one can 
objectively determine the maximum amount of generation that 
can be connected to a power network. 

II.  STUDIED NETWORK 
The intention of this paper is to apply the hosting capacity 

principles to a real world power system. The studied network 
was based on an existing 130/50/10 kV regional distribution 
network in the centre of Sweden. The network transfers close 
to 1 TWh per year. A large part of the consumption comes 
from industrial customers. Within the network there is 
approximately 40 MW installed wind power and 20 MW 
hydropower, producing about a tenth of the consumed energy 
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in the network. As can be seen in Fig. 2 the loading profile 
shows a strong seasonal variation with occasional in-feed of 
electricity to the national grid. 
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Fig 2. Active power exchange over two years between the regional and the 
national grid. Superimposed in grey is the load from a large arc furnace oven 
that is operating on a weekly schedule. For generality of the results this load 
was excluded from the study. The network’s ability to handle such peak loads 
partially explains the favorable capability to receive vast amounts of 
intermittent energy resources as found in this study. 
 

The parameters used in the modelling were - as far as 
possible - the actual values for transformers, cables and lines 
obtained from the network operator. The network is operated 
radial under normal operating conditions and reserve lines and 
transformers not used during the studied period where 
excluded from the model. 

     Load flows were performed using measured hourly 
averages of P and Q at the 50 kV side of the transformers. 
Measurement series covered two complete calendar years 
(2009 and 2010). 

Additional production from renewable energy resources 
was based on actual measurements series for existing 
installations. This allows for a realistic correlation of loads 
with wind and hydro production. Operational parameters like 
voltage limits and transformer tap changer settings were as far 
as possible those utilized by the utility. 

The load flow calculations were performed using 
commercially available power system simulation software. 
The network model is shown in Fig. 3.   

III.  CALCULATING THE HOSTING CAPACITY 

A.  Hosting capacity limits 
One of the key steps in defining the hosting capacity is to 

define limits that are either based on power quality parameters 
(e.g. maximum over/under voltage) or customer service 
specifications (e.g. number of complaints). For transparency in 
evaluating the hosting capacity objective measures are needed. 
The first hosting capacity to be considered is the rating of such 
apparatus as the power rating of transformers. This was 
between 30 and 60 MVA in this network and often the 
limiting factor even if higher production was simulated to 
investigate the dynamic nature other hosting capacity limits.  

The studied network was operated at 138/54.5 and 10.5 kV. 
To be within the design criteria of a standardized 132-kV 
voltage level the voltage increase incurred by new production  

Fig. 3. Model of the studied distribution network consisting of 7
138/55 kV and 2 138/11 kV transformers, 7 overhead lines and 
one 50 kV cable. Measured hourly loads at the 8 end nodes were 
used in the study. Production from bio-, wind-, hydro, or solar 
plants can be added to any node in order to investigate the hosting 
capacity of the node. 

   2009       2010    
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should not be more than 5%. Therefore +-5% was taken as 
hosting capacity voltage limit.  

Line currents were calculated and compared to maximum-
permissible currents for the various line and cable types. 
Maximum-permissible currents were calculated with 
commercial line loading software. According to the Cigré 
technical brochure 299 [5] recommendations, values were 
calculated near maximum annual temperature (30 °C), with 
1000 W/m2 irradiation and 0.6 m/s wind. This resulted in 
static current limits for the used overhead line types between 
290 and 480 Amperes. 

B.  Addition of real and simulated production 
In this study production from four different renewable 

energy sources is considered, namely; 
 Bio energy from a combined heat and power plant which 
is modeled as a constant power influx.  
 Wind production which is based on true measurements 
from an existing 17 turbine/34 MW wind farm within the 
network (Fig. 4a).  
 Hydro power was based on a 5.4 MW plant whose power 
output is regulated on a daily and weekly basis, thus its 
production is also intermediate in its character (Fig. 4b).  
 Finally the production from solar plant was calculated 
based on measured global irradiation (Fig. 4c). The 
efficiency and characteristics of the solar cell modules 
where taken from a 3 kW installation at STRI in Ludvika 
and the simulated production was verified against 
recorded energy production. 

 
Fig. 4. Intermittent character of various renewable energy resources used in 
the study. The production has been scaled to allow comparison between the 
various energy sources. 

C.  Production mix 
In this study the hosting capacity of the network was 

studied for i) constant production (bio energy), ii) the real mix 
of wind and hydro power present in the network today, iii) 
pure wind production and iv) a production mix where 50% of 
the produced energy comes from wind, 25% from hydro and 
25 % solar energy and finally v) a mix where 50% is produced 
by wind and 50% by solar power. The mix of wind and solar 
energy is of particular interest to study as the maximum wind 
and solar production rarely coincide, as seen in Fig 5. 
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Fig. 5. Correlation between wind and solar production shows that maximum 
wind and solar production are unlikely to happen at the same time. Thus 
curtailment for the rare case of maximum production coinciding should be 
beneficial. 
 

Regarding the solar production it should be stated that the 
production amounts to very large areas of solar cells. Using 
the efficiency and dimensions of the 3 kW reference 
installation 84 MW installed capacity the area would be 
equivalent to 650 000 m2 or one hundred football fields. This 
would be roughly equivalent to using the south facing roof of 
nearly seven thousand houses of the average size in Sweden1. 
With placing also on public and industrial roofs this area 
would be equivalent, but not exceed, the suitable roof space 
available in the studied network. 

D.  Load flow calculations 
For each hour during the two year time series a load flow is 

performed and the voltage at each end node in the network is 
stored (Fig. 6). The currents through the power line are 
calculated and compared to either a fixed current limit or a 
dynamic line rating calculated with measurements of 
temperature, wind and solar irradiation (Fig. 7). 

                                                           
1 According to 2009 energy statistics available at 

www.energimyndigheten.se 
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Fig. 6. Example of calculated voltage variation in per unit. Due to the tap 
changers the voltage is kept within limits throughout the studied loads in this 
study. With the used power system model the voltage is stable well after the 
power rating of the transformers has been exceeded, as is frequently the case 
in this study. 
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Fig. 7. Example of line currents where production is added to one node in the 
network. The line (black) connecting the node with the simulated production 
is at its hosting capacity. Hence any further increase in production will cause 
the overhead line to surpass its rated maximum current. 

IV.  RESULTS OF HOSTING CAPACITY CALCULATIONS  
The study showed that in this network it is the rated power 

of transformers that are limiting the hosting capacity. If the 
transformers can be exchanged, overcurrents will be a bigger 
limitation to the hosting capacity than overvoltages. This is 
due to the consistent use of tap changers on all 138/55 and 
55/11 kV transformers and their ability to maintain the voltage 
sufficiently close to its desired value.   

The network shows a large capability to receive additional 
renewable energy resources; this is because some industrial 
loads were excluded from the network for the study in order to 
allow greater generality of the results. Table I and Table II 
show the hosting capacity for two nodes in the network. One 
of the nodes has today a mix of wind and hydro power and this 
production mix was frequently used in the hosting capacity 
calculations for this node.  

It must however be noted that the results found in this study 
cannot be directly applied to the study network. Some industry 
loads not typical for a regional network have been omitted. 
The power ratings of the transformers (30-60 MVA) are also 
by far surpassed in many of the studied cases. Thus the 
implementation of these results would require new 
transformers, even if the overhead lines themselves did not 
need strengthening. 

 
 
 

TABLE I  
OVERLOADING HOSTING CAPACITY FOR NODE NUMBER 1 OF FIG. 3 

FOR VARIOUS TYPES OF RENEWABLE ENERGY RESOURCES. PRODUCED 
ENERGY IS THE AVERAGE OF THE TWO STUDIED YEARS. 

Hosting Capacity : Current limited 
[Power]                     [Produced/year] 

Constant power (Bio fuels) 120 MW 1050 GWh 
100% Wind 130 MW  330 GWh  
Present prod mix: (85% produced 
energy is wind, 15 % hydro.) 

129 MW (110 MW 
wind, 19 MW hydro)  

354 GWh 

DER mix 1: (50% produced energy 
wind, 25% hydro, 25% solar) 

150MW (58 MW 
wind, 21 MW, hydro. 
71 MW solar). 

 295 GWh 

DER mix 2: (50% produced energy 
wind, 50% solar) 

148 MW (43 MW 
wind, 105 MW solar) 

 172 GWh 

 
TABLE II  

OVERLOADING HOSTING CAPACITY FOR NODE NUMBER 2 OF FIG. 3 
FOR VARIOUS TYPES OF RENEWABLE ENERGY RESOURCES  

Hosting Capacity : Current limited 
[Power]                     [Produced/year] 

Constant power (Bio fuels) 70 MW 615 GWh 
100% Wind 76 MW  193 GWh  
DER mix 1: (50% produced energy 
wind, 25% hydro, 25% solar) 

90 MW (34 MW wind, 
13 MW, hydro. 42 
MW solar). 

 170 GWh 

 
The results show that while the installed power may 

increase with intermittent energy resources the total produced 
energy will decrease with the availability of the energy 
resource. As the wind showed a slightly higher availability 
than solar power the total production with the energy mix of 
wind, hydro and solar production is the lowest. As the time 
series is relatively long (17520 hours representing two years) 
it is also likely that the maximum wind and solar production 
will coincide for at least a few hours, effectively creating the 
hosting capacity if production cannot be held back for these 
few hours as is done in the next section. 

V.  METHODS TO FURTHER INCREASE HOSTING CAPACITY 

A.  Curtailment of production 
Curtailment of production involves reducing the power 

output from certain energy resources at times when the hosting 
capacity otherwise would be exceeded. The ability to curtail 
the production will allow for a larger installed capacity of 
distributed energy resources. An example of curtailment can 
be letting water through the spill way of a hydro plant or 
controlling the blade angle of a wind turbine, effectively 
letting wind pass through without maximum power 
generation. 

Table III and Table IV show the hosting capacity increase 
when the production is required to be within the current limit 
only 98 and 95 % of the time. For the remaining 2 and 5 % of 
the time the production will be curtailed. When curtailment is 
carried out the resources still produce energy, but only as 
much as the hosting capacity limit permits. For the hours 
where curtailment was required the amount of curtailed energy 
is calculated by comparing the produced energy this hour 
without curtailment and with curtailment.  
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TABLE III  
HOSTING CAPACITY FOR NODE NUMBER 1 WITH CURTAILMENT. 

PRODUCED ENERGY IS THE AVERAGE OF THE TWO STUDIED YEARS 
Hosting Capacity : Current limited 

  [Power]       [Delivered2]     [Curtailed] 
Present prod mix: no curtailment: 
(85% produced energy is wind,  
15 % hydro.)) 

129 MW  354 GWh 0 

with curtailment: 2% (185h/year) 
 

153 MW  
 

416 GWh 
 

2.4 GWh 

                           : 5% (486h/year) 
 

172 MW 461 GWh 
 

9.0 GWh 
 

 
TABLE IV  

HOSTING CAPACITY FOR NODE NUMBER 2 WITH CURTAILMENT. 
PRODUCED ENERGY IS THE AVERAGE OF THE TWO STUDIED YEARS 

Hosting Capacity : Current limited 
  [Power]       [Delivered3]     [Curtailed] 

With respect to transformer overloading 
100% Wind:          no curtailment 45 MW 114 GWh 0 
with curtailment: 2% (183h/year) 52 MW 132 GWh 0.4 GWh 
with curtailment: 5% (491h/year) 56 MW 142 GWh 1.5 GWh 
With respect to line overloading (current limit exceeded) 
100% Wind:          no curtailment   76 MW  193 GWh 0 
with curtailment: 2% (183h/year)   84 MW 213 GWh 0.8 GWh 
with curtailment: 5% (491h/year)   92 MW  230 GWh 3.9 GWh 
 
The higher the percentage of time during which curtailment 

is acceptable, the higher the amount of production capacity 
that can be connected to the grid. However, even though the 
hosting capacity is increased the proportion of the additional 
energy that must be curtailed increases quickly making 
additional increase in hosting capacity less and less attractive. 
In other words; increased curtailment gives diminishing 
returns. 

There are two ways to allocate the amount of power that 
must be curtailed. Fig. 8 shows the case where the new 
production unit must do all the required reduction. One 
quickly reaches a point where it is no longer beneficial to add 
new production as most of the added production capability 
will be curtailed (wasted). 
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Fig. 8. As the amount of curtailment increases (x-axis) a larger and larger 
proportion of the additional energy must be curtailed (y-axis). Thus the returns 
from further curtailment quickly diminishes. The diminsishing return was 
similar for all nodes in the studied network. 
 

                                                           
2 Total amount of energy that could have be produced s the sum of 

delivered electricity to the grid and the curtailed energy. 
3 Total amount of energy that could have be produced s the sum of 

delivered electricity to the grid and the curtailed energy. 

The other extreme is that all production units will share the 
required curtailment equally as shown in Fig. 9. 
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Fig. 9. The required curtailment in kWh is evenly divided among the 
production units. The amount of energy each production unit must curtail is 
ploted as a ratio kWh/kW for all nodes in the studied network. 

B.  Dynamic line loading 
The static line limit results in a conservative estimate of the 

maximum current permitted. The average temperature during 
the two years of study was four degrees and solar radiation is 
sparse for much of the year. This means that the cooling of the 
conductor will be significantly greater than the static limit 
implies for much of the year. Based on true solar irradiance, 
wind and temperature measurements the ampacity for the 
overhead lines was calculated using IEEE Std. 738-2006 [6]. 
There where two practical hindrances to applying this method. 
Firstly the wind measured at a nearby wind station will likely 
be reduced by topology and vegetation depending on the lines 
height. The most sheltered line section will in practice heat the 
most and be limiting for the entire line. Wind measurements 
where made at 10 m altitude while the 130 and 50 kV lines 
height may only be 7 to 8 meters. Even with clearance width 
of 40 meters for a power line the wind will be reduced and this 
reduction in wind speed has to be considered. The wind was 
therefore reduced to half based on results of previous studies 
[7]. 

Both the IEEE and Cigré method [5] are based on solar 
radiation in a plane normal to the sun. Due to its relative 
simplicity to measure, the global irradiance on a horizontal 
plain is more readily available. This was the only data 
available in the study and thus the global irradiance needed to 
be scaled based on other equivalent measurement series. Fig. 
10 shows the calculated ampacity which was up to 5-6 times 
higher than the fixed current limit calculated with 
recommendations from [7]. 
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Fig. 10.  Calculated ampacity used in Dynamic Line Rating model, compared 
to fixed limit (horizontal line] based on recommendations from Cigré 
technical brochure 299 [5]. The contribution to ampacity from constant wind 
of 0.6 m/s as used in Cigré method is shown (blue). This is a large as the 
contribution from temperature and solar radiation (green). There is uncertainty 
in the actual wind in the power line corridor but with appropriate downscaling 
of metrological wind measurement this uncertainty is not allowed to dominate 
the results.  
 

Fig. 11 shows the current using dynamic line rating based 
on actual temperature, wind and solar radiation. Fig. 12 show 
for the same production how many percent of the fixed current 
rating the overhead line would be loaded.  
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Fig. 11. Actual current as percentage of dynamic line rating from calculated 
ampacity. The amount of production is the same as in Fig. 12 below where 
dynamic line loading is not used. 
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Fig. 12. Actual current as percentage of static current limit calculated 
according to [5]. Production is the same as in Fig. 11. 
 
 

The amount of additional energy production with dynamic 
line rating is used can be seen in Table V and Table VI. 

TABLE V  
HOSTING CAPACITY FOR NODE NUMBER 1 WITH DYNAMIC LINE 

RATING BASED ON IEEE STD 738-2006. PRODUCED ENERGY IS THE 
AVERAGE OF THE TWO STUDIED YEARS 

Hosting Capacity : Current limited 
  [Power]       [Delivered]     [Curtailed] 

Present prod mix: no dynamic line 
rating: (85% produced energy is 
wind, 15 % hydro.)) 

130 MW  350 GWh  

With dynamic line rating 260 MW 
 

700 GWh  

 
TABLE VI  

HOSTING CAPACITY FOR NODE NUMBER 2 WITH DYNAMIC LINE 
RATING BASED ON IEEE STD 738-2006. PRODUCED ENERGY IS THE 
AVERAGE OF THE TWO STUDIED YEARS 

Hosting Capacity : Current limited 
  [Power]     [Delivered    ]   [Curtailed] 

100% Wind: without  
 dynamic line rating 

  76 MW  193 GWh 0 

with dynamic line rating (DLR)  116 MW 295 GWh 0 

with DLR and curtailment: 2% 
(178h/year) 

 176 MW 448 GWh 5.5 GWh 

with DLR and curtailment: 5% 
(461h/year) 

 220 MW  560 GWh 22.7 GWh 

 
Comparison with Tables IV and V reveals that the dynamic 

line rating gives much larger increase in hosting capacity than 
the production curtailment method. There is however no 
problems with combining the two methods; this increases the 
hosting capacity even further. 

In the case of a renewable energy production mix 
containing both solar and wind power the peaks where both 
production maximums coincide will be few. Calculation of the 
correlation coefficient shows that the likelihood of minimum 
dynamic line rating (corresponding to a hot sunny day with no 
wind) is more likely to coincide with maximum solar 
production. However the extremes of all three parameters 
(maximum wind and solar production as well as minimum 
dynamic line rating) are very infrequent. For the production 
shown in figure 13 only 83 hour (0.5%) needs to be curtailed 
despite a maximum of over 150% of the dynamic line rating. 
The amount of curtailed energy is here relatively modest at 4 
GWh/year.
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Fig. 13. Current limits using dynamic line rating for a production mix where 
50% of total energy comes from wind and 25% each from hydro and solar. 
The peaks exceed 50 % of the dynamic line rating, still curtailment is only 
required 0.5 % of the time. 
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TABLE VII  
HOSTING CAPACITY FOR NODE NUMBER 1 WITH CURTAILMENT. 

PRODUCED ENERGY IS THE AVERAGE OF THE TWO STUDIED YEARS 
Hosting Capacity : Current limited 

       [Power]          [Produced]  [Curtailed] 
DER mix 1: (50% wind energy, 
 25% hydro, 25% solar) 
With dynamic line rating and 
curtailment 0,5% (figure 13) 

180 MW (68 MW 
wind, 25 MW, 
hydro. 84 MW 
solar). 

350 GWh 4 GWh 

 
Comparison of Table VII with Table II show that also a 

curtailment 0.5 % of the time allows the production mix with 
25% of energy from the lesser available solar production to 
reach the same annual energy production (350 GWh) as the 
pure wind production. This is because of the non coincidence 
of maximum values discussed previously.  

VI.  DISCUSSION 
If the alternative is a costly strengthening of the grid it can 

often be an attractive solution to install a larger than otherwise 
permissible amount of DER and instead reduce production 
somewhat during certain times when the over current limits 
would otherwise be exceeded. This is also the only solution 
when building new lines or substations is not acceptable or 
would take many years. 

Communication between the network operator and the 
production units is essential to allow for optimal curtailment 
(i.e. as little as possible without resulting in an overload or 
overvoltage). Communication would also be required to allow 
DER units with reactive power generation capability to help 
compensate the reactive power losses created from the large 
increase in active power flows from lower voltage levels. 

This study shows that the amount of DER could be 
multiplied in the studied network. However this assumes the 
removal of some industry loads excluded in the study and that 
the transformer power ratings are not, as today, limiting the 
hosting capacity. When studying the overall hosting capacity 
of real networks it is important with comprehensive network 
model and good power system understanding to allow a 
simultaneous study of all hosting capacity limits. 

VII.  CONCLUSIONS 
In the paper the hosting capacity approach is applied to a 

real network in order to objectively find limits to the amount 
of permissible new DER. Today permission to connect new 
DER is often based on studies of worst case scenarios where 
short circuit currents and the thermal overload of transformers, 
lines and cables are studied at maximum load. The hosting 
capacity approach allows for increased transparency in such 
calculations through the development of methodology to 
objectively define performance indices and acceptable levels 
of deterioration.  

The paper quantifies the possible increase in hosting 
capacity enabled by using increased communication capability 
that today is becoming economically viable to implement in 
distribution networks. Two cases have been studied to 
demonstrate this approach i) use of a thermal line model 
where ambient temperature, aggregated heating and 
dissipation in power lines are used to calculate the maximum 

permissible current through time (dynamic line loading) and 
ii) curtailing of DER generation when maximum consumption 
in the distribution network coincides with maximum wind 
production. In both cases the possibility to collect, distribute 
and process limited amount of measurement data from various 
parts of the network is anticipated. Later studies within this 
research project aim towards implementing and verifying such 
approaches in the studied network. Use of energy storage 
systems will also be studied. 
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Overload and overvoltage in low-voltage and medium-voltage networks due to 
renewable energy – some illustrative case studies 

 
Nicholas Etherden and Math H.J. Bollen* 

STRI AB, Gothenburg, Sweden and  
Luleå University of Technology, Skellefteå, Sweden 

 
 

Abstract – This paper presents the use of curtailment to allow more wind or solar power to 
be connected to a distribution network when overcurrent or overvoltage set a limit. Four 
case studies, all based on measurements, are presented. In all cases the Hosting Capacity 
method is used to quantify the gain in produced energy for increased levels of distributed 
renewable energy resources. A distinction is made between “hard curtailment” where all 
production is disconnected when overcurrent and overvoltage limits are exceeded and “soft 
curtailment” where the amount of production to be disconnected is minimized. It is shown 
that the type of curtailment method used has a large impact on the amount of delivered 
energy to the grid. The paper further discusses details of the curtailment algorithm, , 
alternatives to curtailment, the communication needs and risks associated with the use of 
curtailment. 
 
Keywords: Power distribution, smart grids, renewable electricity production, curtailment, 
reactive power control, risk-based assessment 
 
1. Introduction 
 
The amount of renewable energy that can be connected to any distribution network without 
endangering the reliability or quality for other customers (the “hosting capacity”) is limited 
by the overvoltage and overcurrent limits in the distribution network. As the proportion of 
renewable electricity production increases so does the risk that network components get 
overloaded and/or the network users will experience overvoltages [1,2,3].  
 
The here applied “hosting-capacity approach” has been introduced to quantify the limits 
placed by the grid on renewable electricity production. The hosting capacity is in this 
context defined as the maximum amount of new production that can be connected without 
endangering the reliability or quality for other customers [1]. The traditional way of 
connecting a new production installation is based on a kind of “worst-case approach”. The 
maximum installed capacity is such that the risk of, for example, overload or overvoltage is 
sufficiently small, and therewith the impact on other network users. 
 
Curtailment of production is a method to connect more production without impacting other 
network users. Other methods are available to achieve this. The reader is referred to 
[1,3,4,5,6] and other publications for examples of such methods. This paper is an upgrade 
and extension of an earlier work by the same authors [7]. The examples discussed in this 
paper will be used to illustrate a general method to quantify the effectiveness of 
curtailment. This methodology offers the different stakeholders (network operators, owners 
of production units, regulators, equipment manufactures and others) a tool with which they 
can compare curtailment with network investments in primary infrastructure (lines, cables, 
                                                 

* STRI AB, Regnbågsgatan 8 B, 417 55 Gothenburg, Sweden, 00-46-240-79 565, nicholas.etherden@stri.se 
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transformers, etc) or other methods such as energy storage and reactive-power 
compensation.  
 
The general methodology used in this paper is introduced in Section 2, illustrated through 
four case studies in Sections 3 through 6, and followed by a general discussion and 
synthesis of the four cases in Section 7 and conclusions in Section 8. 
 
2. Curtailment and hosting capacity 
 
When curtailment is in place, there is no longer any technical limitation to the amount of 
production capacity that can be connected. Unacceptable impact on other network users is 
no longer prevented by limiting the installed capacity but by limiting the actual production 
whenever needed. In practice it will be economic considerations by the owner of the 
production units that limit the installed capacity. With increasing installed capacity the 
utilization of the installation (e.g. expressed as the ratio of annual production and installed 
capacity, MWh/MW) will decrease and thus the return on investment. 
 
The proposed methodology, illustrated in this paper through four examples, calculates the 
curtailed and the produced amount of electricity as a function of the installed capacity. This 
relation can be used as input to investment decisions, for the choice of technology, and to 
develop appropriate investment models.  
 
During the four case studies, a distinction is made between “hard curtailment” and “soft 
curtailment”. Both should be viewed as extreme cases: for the hard-curtailment case it is 
assumed that all production units downstream of a certain location in the grid are 
disconnected. This is very close to the traditional protection relaying approach but instead 
of tripping the overloaded components, the installations causing the overload are 
disconnected from the electrical grid. For the soft-curtailment case it is assumed that the 
production will be reduced just enough to remove the overload or overvoltage situation that 
would otherwise occur. The actual curtailment in reality will be somewhere in between 
these two extreme cases, where the actual amount of curtailment depends on the details of 
the curtailment scheme. 
 
This paper illustrates that risks in four case studies and discusses different methods of 
keeping the risks under control. How a risk-based approach together with advanced 
communication and control equipment increases the amount of renewable energy that can 
be connected to the distribution network is investigated following the approach of [1,8]. 
 
 
3. Solar power at low voltage, limitation in subscribed power 
 
3.1. Description of the case 
The impact of solar power on the loading has been studied for a large hotel complex located 
at 38˚N. Measurements of the consumption (1-minute averages during one-week) have 
been combined with a model of the production. The consumption is high from about 10 am 
through 10 pm with a maximum of about 590 kW; the minimum consumption is about 230 
kW. More details of this example are shown in [1, Section 4.2.6]. 
 
In this example, the limitation is assumed to be set by the subscribed power. Exceeding this 
limit is assumed to result either in disconnection of the installation or in high fines to be 
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paid on top of the network tariff. Increasing the subscribed power would result in a higher 
network tariff and/or the need for investments in the grid. Curtailment of production is 
studied here as an alternative. 
 
3.2. Overloading 
The production has been calculated for a horizontal panel as a function of the time of day 
for 21 June. The resulting maximum loading as a function of the installed power is shown 
in Figure 1. The system loading (i.e., the maximum apparent power) slightly decreases up 
to about 300 kW solar power (region A in Figure 1). For higher amounts of solar power 
than 300 kW, the maximum occurs when the sun is below the horizon and further 
production will no longer reduce the maximum (region B). When more than 1000 kW of 
solar power is installed, the maximum loading occurs at noon and will increase linearly 
with the installed capacity (region C). The value of 300 kVA per phase (slightly above the 
original maximum) is reached for 1140 kW installed capacity. For even more solar power, 
the owner of the hotel runs an increased risk that the apparent power exceeds the subscribed 
power. The consequence of this may be a tripping of the installation by the overcurrent 
protection or fines to be paid by the hotel owner to the network operator. When the hotel is 
supplied from a dedicated transformer of 3 times 300 kVA rating, adding more solar power 
will require a larger transformer. When the hotel is supplied from a shared transformer, a 
higher subscribed power is needed, the costs of which will have to be discussed with the 
network operator. 

 
Figure 1. Maximum apparent power per phase as a function of the installed solar capacity. 
[A = maximum from consumption at daytime; B = maximum from consumption in the 
evening; C = maximum from production at day time]. 
 
3.3. Curtailment 
The impact on the amount of produced energy from solar power has been calculated for 
“hard curtailment” and for “soft curtailment”. For hard curtailment the whole solar-power 
installation is assumed to be disconnected once the supply current exceeds the subscribed 
power. For soft curtailment, the solar power production is reduced not to zero but just 
enough to keep the current below the threshold. Hard curtailment could in this case consist 
of an overcurrent relay at the point of connection that trips all production once the 
subscribed power is exceeded. 
 
To estimate annual curtailment, solar production has been calculated for 12 weeks, spread 
equally through the year. Consumption has been assumed to be independent of the time of 
year and cloud cover assumed to reduce average solar energy production to 70% of its 
maximum value. 
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The results are shown in Figure 2 and Figure 3. For installed capacity below about 1150 
kW no curtailment is needed, but for higher installed capacity the need for curtailment 
increases rapidly. For an installed capacity equal to 1500 kW, curtailment is needed for 
more than 600 hours per year. 

 
Figure 2. Time during which curtailment is necessary to prevent the current from 
exceeding the supply rating. 

 
Figure 3. Annual amount of curtailed energy (top) and annual production (bottom). Hard 
curtailment (red solid) is when solar power is disconnected upon detection of an overload. 
Soft curtailment (green dashed) is when the reduction in solar power production is the 
minimum amount necessary to maintain the current within the rating. 
 
What matters is not the number of hours of curtailment, but total curtailed energy and total 
solar energy delivered to the grid. For hard curtailment (red solid curve) the curtailed 
energy increases as curtailed hours increases; with the annual production decreasing as 
installed capacity increases. So, hard curtailment is not a solution in this case.  
 
With soft curtailment (green dashed curve) the amount of curtailed energy is reduced and 
the annual production continues to increase, but with a decreasing profitability. Up to about 
1250 kW installed capacity the annual production corresponds to 1500 hours/year at peak. 
The additional 250 kW up to 1500 kW have an effective utilization of only 1300 hrs/year. 
For the next 250 kW (not shown in the figures) this would drop further to 1000 hrs/year. 
 
3.4. Implementation 
The variable to be limited in this case is the amplitude of the current flowing between the 
customer and the grid. The actual value and the time window over which the current should 
be measured depend on the protection used and on the agreement between the customer and 
the network operator. When the supply current is limited by the overcurrent protection, the 
curtailment algorithm should be coordinated with the protection setting. We will discuss 
this in more detail in Section 4.4, with the next example. 
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When the limitation is in the amount of energy consumed per hour (kWh/h), a few samples 
per hour would be sufficient. A high current during part of an hour could be compensated 
by a lower current during another part of the hour. The need for curtailment would more 
likely occur towards the end of an hourly period. 
Based on the measurement of the current at the interface with the grid either a trip signal 
will be generated (in case of “hard curtailment”) or a required reduction in production will 
be calculated and communicated to the solar-power installation. One possible 
implementation in the solar-power installation would be to have different modes for the 
controller: maximum power point tracking normally; constant current during curtailment. 
 
The communication needs are limited in such a set-up. There is only one place where the 
current has to be monitored and the installation which power output is to be limited is 
located nearby. 
 
 
4. Wind power behind an HV/MV transformer, limitation in transformer loading case 1 
(Simulated wind production) 
 
4.1. Description of the case 
During a 4-week period the power through a 130/10 kV transformer supplying a region 
with mainly domestic load without any distributed generation was measured every minute. 
Downstream of the transformer, wind power is connected to the medium-voltage grid. 
Random values of production have been obtained by assuming Weibull-distributed wind-
speed with a mean value of 7 m/s and a shape factor of 2. A scaled version of a 600 kW 
wind turbine was used to translate wind speed into active power production. Reactive 
power production is assumed to be zero. See [1,5,6,9,10] for more details about stochastic 
models of wind power production. 
 
Apparent power through the transformer has been calculated for various nominal wind 
power levels, from zero to 30 MW. The results are shown in Figure 4. For wind power 
values up to about 25 MW, the risk of overloading only decreases a little. The risk of 
overloading, due to excessive reverse power flow, increases rapidly when more than 25 
MW of wind power is connected on the secondary side of the transformer. 

 
Figure 4. High-percentile values of apparent power through a transformer with increasing 
amount of wind power on secondary side; 99.99% (triangle); 99.9% (star); 99% (circle). 
 
4.2. Curtailment 
Two curtailment methods have been studied: “hard curtailment” where wind power is 
disconnected when transformer loading approaches the maximum-permissible value, and 
“soft curtailment” where production is reduced by the exact amount required to avoid 
overvoltage or overloading. 
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The results are shown in Figure 5 and Figure 6. Up to about 26 MW installed wind power, 
no curtailment is needed. For installed capacity up to about 31 MW, total produced energy 
still increases even with hard curtailment, but profitability of the capacity above 26 MW is 
slight. 
 

 
Figure 5. Number of hours per year during which curtailment is necessary to prevent 
HV/MV transformer overloading due to wind power on secondary side of the transformer. 

 
Figure 6. Annual amount of curtailed energy (top) and annual production (bottom). Hard 
curtailment (red solid) is when wind power is disconnected upon detection of an overload 
(red solid). Soft curtailment (green, dashed) is when the reduction in wind power 
production is the minimum amount necessary to maintain the current within the rating. 
 

Annually curtailed energy (top) and amount of production (bottom) and soft curtailment 
(green dashed). 
 
For soft curtailment (green dashed curve), although annual production increases with 
greater installed capacity, profitability decreases as installed capacity increases. Up to 25 
MW the utilization is about 2700 hours per year; but the additional 10 MW capacity up to 
35 MW is only used for 2500 hours/year and the 5 MW up to 40 MW for only 1900 
hours/year. 
 
4.3. Communication 
Soft curtailment in this case could be performed by sending a signal to the wind turbine 
controller to alter pitch angle of the rotor blades to decrease wind production. Transformer 
loading is derived from current through the transformer and used to calculate a maximum 
production (or a curtailment amount) for the wind turbines. 
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The required accuracy and response time of current measurement in the transformer 
substation is modest, so current measurement could be obtained from the SCADA system 
for distribution to the wind turbine operator. 
 
A novel solution with an IEC 61850/61400-25 compatible control system for the wind 
turbine would allow direct information exchange with an IEC 61850 relay within the 
nearby transformer substation. Such a solution requires access to the metering core in the 
transformer substation and configuration in the SCADA systems of the network operator. 
 
The monitoring device in the transformer substation can be completely separated from the 
Ethernet of the network operator allowing the wind farm owner to implement a curtailment 
system with a minimum of intervention with the grid operator. Thus the wind farm 
automatically adjusts its production to ensure that the transformer loading remains below it 
limits without the network operator issuing any real-time production set-points to the 
producers.  

 
4.4. Implementation 
The curtailment algorithm will reduce production when the current through the transformer 
gets too high for too long. The setting of this algorithm should be such that the curtailment 
is as small as possible; but fast enough that the overload protection of the transformer does 
not take the transformer out of service. This is a classical protection coordination problem, 
as shown schematically in Figure 7. 
 
Thermal overload of a transformer is a relatively slow process. For example, 
recommendations for the setting of short-circuit protection give a value of 2 times the rated 
current for 30 minutes and 5 times rated for 50 seconds [11,12]. The maximum-permissible 
overload current and time should be determined using the loss-of-life methods, described 
for example in [13,14,15]. The curve labeled “4” in Figure 7 corresponds to the maximum 
overload with negligible loss of life. However, once the setting of the overload protection is 
known, curtailment has to be coordinated with the protection setting (“3”). 

 
Figure 7. Curtailment and protection settings. (1 = maximum permanent load current; 2 = 
curtailment settings; 3 = overcurrent protection; 4 = actual thermal limit). 
 
A hypothetical example of a curtailment algorithm would be as follows, based on obtaining 
a value of the rms current at one-minute intervals; all currents are expressed as a percentage 
of a reference current. 
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 When current exceeds 150% of the reference current, reduce immediately to 150%; 
 When current exceeds 130% for 3 minutes, reduce immediately to 130%. 
 When current exceeds 120% for 10 minutes, reduce to 120%. 
 When current exceeds 110% for 30 minutes, reduce to 110%. 
 When current exceeds 100% for 100 minutes, reduce to 100%. 
 When current is below 100% and curtailment has been performed during the 

preceding 100 minutes, allow the current to increase to 100%. 
 When current has been below or equal to 100% of the reference current for 100 

minutes, allow overloads as above. 

The reference current would in this case be somewhat below the maximum current that the 
transformer can tolerate permanently without the overload protection tripping. 
Another option would be for the overcurrent protection relay to issue a warning when its 
pick-up timer has started. This signal could be used to curtail production, following similar 
rules to those above. This scheme would allow set-up of curtailment without detailed 
knowledge of over-current relay settings. A more sophisticated option would be for the 
wind farm to receive curtailment commands from multiple overcurrent relays in a meshed 
grid or a frequently reconfigured grid as described in section 4.3. A further advantage is 
that only the overcurrent relays, and not the curtailment algorithm settings, would need to 
be modified as the grid expands or changes its characteristics. 
 
 
5. Wind power behind an HV/MV transformer II, limitation in transformer case 2 
(measured wind production near transformer) 
 
5.1. Description of the case 
As was the case of the previous example in Section 4 the power through a 130/10 kV 
transformer is measured. However, this time actual measurements of both consumption and 
wind-power production were collected for two entire calendar years in a different network. 
The transformer is rated at 40 MVA and supplies a region with both domestic and industrial 
loads with only small scale hydro production. It is assumed that downstream of the 
transformer wind power is connected to the medium-voltage grid. Time-correlated 
production values from a 34 MW wind farm in the vicinity of the 130/10 kV transformer 
have been used. The reactive power production is zero or near zero for this wind farm. The 
hourly loads and production of the added wind are shown in Figure 8. The horizontal axis 
in Figure 8 stretches from the first day of year one to the last day of year two. 
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Figure 8. Active power flow through a 130/10 kV transformer and intermittent character of 
nearby wind power production used in the study. 
 
Compared with the case in Section 4 where the wind was simulated with a Weibull 
distribution, this example with actual wind production time correlated to the loads shows a 
similar behavior. For a number of values of the nominal wind power, from zero to 70 MW, 
the 99%, 99.9%, and 99.99% values of the active power through the transformer have been 
calculated. The results are shown in Figure 9. For wind power values up to 26 MW, the risk 
of overloading only marginally decreases. The risk of overloading increases fast when more 
than 26 MW of wind power is connected on the secondary side of the transformer.  

 
Figure 9. High-percentile values of power through a transformer with increasing amount of 
wind power on secondary side; 99.99% (triangle); 99.9% (star); 99% (circle). 
 
5.2. Curtailment  
Like in the previous cases, the produced and curtailed amount of energy has been 
calculated as a function of the installed wind-power capacity. Up to 45 MW of installed 
capacity, no curtailment is required, as seen in Figure 10 and Figure 11. 

 
Figure 10. Number of hours per year during which curtailment is necessary to prevent 
HV/MV transformer overloading due to wind power on secondary side of the transformer. 
 
The curtailed and produced energy is shown in Figure 11, where it has been assumed for 
the soft curtailment case that no more production is curtailed than needed. For hard 
curtailment, like before, the production is disconnected completely every time curtailment 
is needed, i.e. when the transformer would be overloaded otherwise. The behavior is similar 
to the results from the example discussed in Section 4. 
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Figure 11. Annually curtailed energy as a function of the installed wind-power capacity 
(top) and amount of production (bottom) for hard curtailment (red solid) and soft 
curtailment (green dashed). 
 
The implementation and curtailment examples would here be the same as in the case of 
Section 4. 
 
 
6. Overvoltage due to wind power 
 
6.1. Description of the case 
Probability distribution functions of the voltage magnitude after connection of a wind-
power installation have been calculated by means of a Monte-Carlo simulation. For each 
distribution, 100 000 samples were taken. Each sample of the voltage after connection of 
the wind turbine was obtained as the sum of a sample from the measured pre-wind voltage 
and a sample from the voltage rise. The former was obtained by taking a random value of 
time, within the measurement time window, and using the voltage magnitude at this 
random instant. The sample of the voltage rise was calculated from the wind power 
production, which was in turn calculated from the wind speed using the power curve for a 
600 kW turbine scaled to the size of the wind power (1, 2, or 3 MW in this case). This 
scaling will not impact the result as the power curves are largely independent of the size of 
the turbine.  
 
For the wind speed, a Weibull distribution with an average value of 7 m/s and shape factor 
of 2 is used. Next, four different percentiles of the overvoltage distribution have been 
calculated as a function of the amount of installed wind power. The results are shown in 
Figure 12. The measured voltage magnitude has been scaled in such a way that the 
maximum pre-fault voltage without wind power is 99% of the overvoltage limit. The 
overvoltage limit corresponds to a value of 100% (the horizontal dashed line) in the figure. 
The hosting capacity is the amount of wind power for which the overvoltage indicator 
exceeds the 100% line. The dashed horizontal line corresponds to the overvoltage limit. 

 
Figure 12. Statistical overvoltage indicators as a function of the amount of wind power: 
(top to bottom) 100%, 99.99%, 99.9%, and 99% high-percentile values. 
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As can be seen from Figure 12, the hosting capacity varies strongly between the indicators. 

 The maximum voltage exceeds the limit for 1 MW wind power. 
 The 99.99% value exceeds the limit for 1.4 MW wind power. (This corresponds to 

allowing overvoltage 0.01% of the time or 1 hour per year.) 
 The 99.9% value exceeds the limit for 1.8 MW wind power. 
 The 99% value exceeds the limit for 2.3 MW wind power. 

The hosting capacity thus varies between 1 and 2.3 MW depending on which percentile 
value is used. However, also here the occurrence of overvoltages can be avoided by 
curtailing the production during a small percentage of time. 
 
The European voltage characteristics standard EN 50160 [16] gives limits on acceptable 
overvoltage for 95% of the time. These limits are used in several European countries, 
whereas other countries use more strict limits including 100% limits [17]. 
 
In Section 6.2 to 6.4 it has been assumed that no reactive-power control is present, apart 
from the one keeping unity power factor. In Section 6.5 the same approach is applied to the 
case with reactive-power control. 
 
6.2. Curtailment and Produced Power 
Two curtailment algorithms have been applied and the results compared in the Figures 13 
and Figures 14. The number of hours during which curtailment is necessary to prevent 
overvoltage is shown in Figure 13. With increasing installed capacity, the probability that 
the voltage exceeds the overvoltage limit increases quickly. Below 1 MW installed 
capacity, no curtailment is needed, with 2 MW installed capacity, curtailment of about 30 
hours per year is needed. For higher installed capacity the need for curtailment increases 
rapidly, reaching almost 1000 hours per year for 4 MW installed capacity. 

 
Figure 13. Number of hours per year during which curtailment is necessary to prevent 
overvoltage due to wind power connected to an MV feeder. 
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Figure 14. Annual amount of curtailed energy as a function of the installed wind-power 
capacity (top) and produced energy (bottom) for hard curtailment (red solid) and soft 
curtailment (green dashed). 
 
Again, what matters is not the number of hours of curtailment, but total curtailed and total 
wind energy delivered to the grid per year (both shown in Figure 14). The curtailed and 
produced energy has been calculated for two curtailment schemes: in the first (“hard 
curtailment”; indicated as red solid line) all wind-power production is disconnected when 
the voltage exceeds the overvoltage limit. In the second scheme (“soft curtailment”; green 
dashed line) the amount of production is reduced just enough so that the voltage does not 
exceed the overvoltage limit. 
 
In the first scheme the amount of curtailed energy grows rapidly; above 3.5 MW installed 
capacity the annual produced energy starts to decrease. It therefore makes little sense to 
install more than about 3 MW of wind power. For the second scheme there is no 
comparable reduction in annual produced energy. 
 
6.3. Implementation 
One option is to accept a limited increased risk of equipment damage due to overvoltages 
and allow an increase on the amount of wind production.  
 
A second option (referred to above as “hard curtailment”) would be to equip the wind-
power installation with overvoltage protection; and to measure at a limited number of 
locations in the medium-voltage network. The overvoltage protection would disconnect the 
wind-power installation when the production is too large. The wind production would be 
reconnected when the voltage is far enough below the limit for long enough. The choice of 
the reconnection criterion is a trade-off between amount production interruption and risk of 
frequent rapid voltage changes due to connection and disconnection of wind power.  
 
A third option (corresponding to “soft curtailment”) requires the presence of a smart-
metering infrastructure. Here a data-base with periodically updated overvoltage 
measurements collected throughout the area of concern would be monitored. When 
overvoltages occur a curtailment command is issued to the wind plant giving it instructions 
to decrease its wind output by e.g. turning blade angles to suboptimal position. The amount 
of production decrease could be predefined depending on the amount of overvoltage 
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measured. The production set-point can be reduced further until the overvoltage disappears 
and then gradually increased when no overvoltage occurs. 
 
6.4. Communication needs 
The required communication infrastructure depends on the amount of uncertainty (risk) the 
different stakeholders are willing to accept. Generally speaking, a lower acceptance of risk 
will give a lower hosting capacity and/or more need for communication infrastructure. 
When a certain level of overvoltages is accepted, there is no need for any communication. 
With the higher level of overvoltages, there is a higher risk of equipment damage due to 
overvoltages. 
 
Tripping or curtailment of production can be based on the measurement of the voltage at 
the point of connection to the production unit. When this voltage is too high, the unit is 
disconnected or the production is reduced. Only local communication is needed in this case. 
For the setting of the overvoltage limit or voltage-production curve, the relation should be 
known between the voltage at the point of connection and the highest voltage experienced 
by any other network user. This might require the occasional recalculation of the settings 
(e.g. with reconfiguration of the distribution network and/or major changes in production or 
consumption) and communicating these changes to the production units. 
 
Curtailment may also be based on the actual voltages experienced by the network users. For 
this an overvoltage-time curve has to be defined, and coordinated with the overvoltage 
limits that the network operator has to comply with as well as the immunity of end-user 
equipment to short-duration overvoltages: a hypothetical example based on the 
requirements under EN 50160 [16] and experiments on equipment immunity [2], would be: 

 114% of nominal voltage for 60 seconds; 
 109% of nominal voltage for 10 minutes 

The voltage is continuously measured with all network users. For the above overvoltage-
time curve an update once every 15 seconds would be sufficient. No communication is 
needed as long as the curtailment limits are not exceeded. Once they are exceeded an alarm 
signal is sent from the affected customer to a central controller indicating how much the 
voltage needs to be reduced. The central controller translates the required voltage reduction 
into a reduction in production for one or more wind turbines; this curtailment signal would 
then be sent to all turbines involved. 
 
A large communication infrastructure is needed, covering all low-voltage customers, and 
with an access time of a few seconds. However the amount of communication would be 
limited during normal operation. 
 
6.5. Reactive-power compensation 
In the case when overvoltage is limiting an alternative to curtailment to allow more wind 
power to be connected is to use the reactive-power control capabilities of the converters 
[18,19]. The effectiveness of this alternative depends on the ratio between resistance and 
reactance of the grid. The same approach will be used to evaluate the effectiveness of this 
method as for curtailment of active power only. 
 
For this example the wind-turbine is assumed to have a reactive power control capability at 
the Point of Common Coupling (PCC), corresponding to a minimum power factor, cos φ of 
0.9. While the voltage rise due to the active-power injected is dependent on the resistive 
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part of the source impedance at the PCC the reactive-power compensation contributes to a 
reduction in voltage which magnitude depends on the reactive part of the source 
impedance. Curtailment is needed only when the available amount of reactive-power 
compensation is not sufficient to bring the voltage magnitude back below its maximum 
value. 
 
In Figure 15 this remaining amount of soft curtailment is shown for different values of ratio 
between reactance X and resistance R of the source impedance. In all cases the resistance is 
kept equal to the value used to obtain Figure 12 through 14. The green dotted curve (“No 
reactive-power compensation”) in Figure 15 corresponds with the green dotted curve in the 
upper plot of Figure 14. 

 
Figure 15.  Annual amount of curtailed energy with soft curtailment as a function of the 
installed wind-power capacity. The effectiveness of reactive-power compensation using the 
wind turbine capability curve depends on the electric parameters of the grid. 
 
A lower value of X/R in the Figure 15 corresponds to a thinner and shorter cable or line, 
with the total resistance being constant. With increasing X/R ratio, the reactance increases, 
for constant resistance, so that the ability of reactive power to compensate the voltage rise 
also increases. However even for X/R ratio equal to 1, some curtailment is needed when the 
installed capacity exceeds about 3.5 MW.  
 
Here is should be noted that overvoltage problems are expected mainly in rural networks 
where feeders and transformer tend to have lower X/R ratios. In urban networks, with high 
X/R ratios, the length of the feeder is limited by its current rating, not by its voltage drop or 
rise. Thus in the networks where voltage rise is more likely to be a problem, the 
opportunities for reactive-power compensation are less. It should however also be noted 
that X/R ratios less than unity are rare and only occur in very weak parts of the grid. Also 
reactive-power control has limits (i.e. there is a hosting capacity associated with them) and 
failure of the control system could result in unacceptable overvoltages.  
 
7. Discussion 
 
7.1. Synthesis of the four cases 
This paper shows four examples where curtailment can be used to allow an increasing 
amount of renewable electricity production to be connected to a distribution network. The 
number of curtailed hours, the curtailed energy and the actually delivered energy per year 
are calculated for these four examples. The gain, in the form of additional production that 
can be installed, varies for the four examples as shown in Figure 16. For three of the 
examples the curtailment is about the same for the same normalized installed capacity. 
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However for the voltage limit example in Section 6 (blue dashed curve close to the 
horizontal axis) the curtailment is much less. 

 
Figure 16. Comparison of curtailed energy using so called “soft curtailment” in the 
examples of Section 3 to 6. Installed capacity (horizontal axis) has been normalized using 
the hosting capacity without curtailment. 
 

 
Figure 17. With additional installed capacity a growing proportion (vertical axis) of 
additional capacity is curtailed. For comparison with the examples in section 3 to 6 the 
installed capacity has been normalized with the hosting capacity without curtailment 
(horizontal axis). The vertical axis shows the soft curtailed energy as a percentage of the 
additional energy made available with soft curtailment. 
 
A distinction has been introduced in this paper between “hard curtailment”, where the 
production units are disconnected once a limit is exceeded, and “soft curtailment” where 
the production is reduced just enough to keep voltage and current within their limits. It is 
shown that soft curtailment results always in an increase in the total amount of produced 
energy, although there are diminishing returns as installed capacity increases. This is 
because a larger proportion of the additional capacity will be curtailed and not possible to 
deliver to the grid as shown in Figure 17. 
 
For hard curtailment the total production decreases above a certain amount of installed 
capacity. For the solar-power example of Section 3, total production decreases almost 
immediately when curtailment becomes necessary. For the wind-power example of Section 
4 and 5 even with hard curtailment an increase in annual production is possible. This is 
shown to be especially the case when curtailment is used to prevent overvoltages. 
 
7.2. Who carries the risk? 
The normal dimensioning of the electricity distribution network is such that voltage and 
current remain within their limits for every load situation. While this approach is to the 
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advantage of existing costumers, it could result in barriers for new customers such as 
installations of renewable electricity production. At present such an installation can only be 
connected when even the maximum production (the installed capacity) does not result in 
any overload or overvoltage for any load situation. 
 
Exceeding this amount of installed capacity will result in a certain risk that the maximum 
current or voltage is exceeded. In the first example (solar power with a hotel in Section 3) 
that risk is carried by the owner of the hotel. Exceeding the current limit will either result in 
tripping of the overload protection or in fines for exceeding the subscribed power. 
 
For the other examples the risk is carried by the network operator and by the other network 
users. An overload will result in tripping of the overload protection of the transformer; i.e. 
an interruption for all customers downstream of the transformer. It will also, in many 
regulatory schemes, result in penalties or reduced tariff for the network operator [17,20]. 
The impact of overvoltages is more indirect, but the higher the overvoltage, the higher the 
risk of equipment damage. 
 
Using a curtailment scheme will shift the risk back to the owner of the wind-power 
installation. When the voltage or current exceeds the set limits, the production is reduced or 
completely interrupted depending on the scheme used. A minor risk remains with the 
network operator and other network users because there is a finite probability that 
curtailment will not work or will not be fast enough. 
 
7.3. Who carries the costs? 
In the first example, both costs and risks are carried by the hotel owner. This makes it easy 
to do an economic optimization. The hotel owner can further improve the economics by 
shifting consumption to periods with large production and insufficient consumption. Hot-
water production could be used for this when a sufficient amount of hot-water storage is 
available. 
 
The situation becomes less clear for the other examples, were different stakeholders are 
involved. Here we assume that curtailment is cheaper than investment in primary 
infrastructure (transformers, lines, etc) or that building of new primary infrastructure will 
be impossible or take too long. When the overload is due to a specific customer, e.g. a wind 
park, the network operator will typically be allowed to charge this customer for any 
investments in the network. In that case it could be in the customer’s interest to propose 
curtailment as an alternative to paying the required cost for grid connection of the entire 
plant capacity.  
 
Details of this vary between countries and some network operators will not be able to 
charge investment costs to an individual network user. Instead of building new 
infrastructure, the network owner could buy a “curtailment service” from one or more 
producers. Different business models are possible for this; further discussion of those is 
beyond the scope of this paper. 
 
If the overload is not due to one specific new customer but due to a general increase in 
loading (production and/or consumption), there will be differences in who carries the costs 
depending on the regulatory principles in use. Two main cases can be distinguished. 
The regulator sets a maximum tariff based on a template calculation, e.g. considering 
customer density. The actual investments and operational costs do not impact the maximum 
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tariff. This is often combined with quality regulation, either setting rules on minimum 
quality of supply (continuity and voltage quality) or by letting the maximum tariff be 
influenced by the actual performance. With this type of regulation, the network operator is 
incentivized to reduce costs and will choose for curtailment instead of investment in 
primary infrastructure. The rules on quality of supply might set a limit on the extent to 
which production and consumption can be curtailed. This is an issue to be discussed for 
future regulatory schemes. 
 
An alternative method for tariff regulation is where the regulator approves necessary 
investments to be recovered through the tariffs with a reasonable return on investment. In 
the same way, necessary operational costs are covered through the tariffs with a reasonable 
profit. With this type of regulation, the investment in primary infrastructure actually results 
in a larger capital base and thus in a higher profit (in absolute terms). With this type of 
regulation, it is up to the regulator to decide whether a new transformer would be a 
necessary investment or not. 
 
7.4. Curtailment and reserves 
It was said at the start of Section 7.2 that the dimensioning of the distribution network is 
such that voltage and current remain within their limits for every load situation. For large 
parts of the network this also holds for the situation when a component is out of operation 
for repair or maintenance. 
 
In many cases the maximum downstream load of a transformer will be about half of its 
rating, so as to have spare capacity available, for example, in case of the loss of another 
transformer. The maximum amount of wind power that is allowed to be connected is thus 
not determined by the actual thermal limit of the transformer but by the thermal limit minus 
a reserve margin. By using a curtailment scheme, this reserve margin (which could be up to 
half of the actual limit) could be more effectively used. Only when a nearby component is 
out of operation will curtailment be needed. The amount of time this will occur varies 
considerably between locations but will on average only happen a few percent of the time. 
The same holds for overvoltages, which are likely to occur first when part of a feeder is 
supplied from an alternative path. 
 
The use of a curtailment scheme may make it possible to utilize the actual transport 
capacity to a much larger degree than is currently the case. This application of curtailment 
has not been studied in the literature yet. 
 
 
8. Conclusions 
 
The studies presented in this paper made use of measured voltage variations and 
consumption patterns. Production models have been used in three cases to demonstrate the 
methodology of estimating the amount of renewable energy that can be connected to a grid 
based on such measurements. An additional example with measured production patterns 
and a complete power system simulation has been included to verify the results of the here 
described method.  
 
The hosting capacity approach, introduced in earlier studies, has been extended to include 
curtailment of renewable electricity production. The hosting capacity found from earlier 
studies is the installed capacity above which curtailment becomes necessary. For higher 
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installed capacity the gain in annual produced energy should be compared with the increase 
in installed capacity. The result can next be compared with costs and benefits of other 
methods to increase integration of renewable electricity production. It has been shown that 
the same approach can be used for assessing the efficiency of reactive-power 
compensation. 
 
It is shown that the amount of energy curtailed strongly depends on the curtailment method 
used. For curtailment methods related to existing overload or overvoltage protection 
(referred to as “hard curtailment” in the paper) the annual energy production might even go 
down with increasing installed capacity. 
 
It is also shown that reactive-power compensation can reduce the amount of curtailed 
energy a lot. However, the reduction in curtailed energy is less for the kind of grids in 
which overvoltage problems are more likely to occur. 
 
Further studies are needed, using measurements from different locations over time periods 
of at least one year, to determine if the conclusions from the studies described here are 
generally valid. Field trials are required to verify the behavior and suitability of proposed 
communication and curtailment algorithms during real grid operation. 
 
With the practical implementation of curtailment schemes it is important that the resulting 
amount of curtailed energy is compared with the minimum amount of curtailed energy 
needs to prevent an overload or overvoltage situation (referred to as “soft curtailment” in 
the paper). Thus is concluded that an assessment of the consequences of the scheme, e.g. in 
terms of annual energy production per MW installed capacity, is necessary for every 
scheme. 
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Dimensioning of Energy Storage for Increased
Integration of Wind Power

Nicholas Etherden, Student Member, IEEE, and Math H. J. Bollen, Fellow, IEEE

Abstract—Energy storage can potentially allow for more pro-
duction from renewable resources into existing grids. A method-
ology to quantify grid limitations and dimension battery energy
storage systems is presented in this paper. By use of grid consump-
tion and production data, the hosting capacity methodology is de-
veloped as a general framework for storage dimensioning that can
be applied by grid operators. The method is successfully applied
to an existing subtransmission grid; actual hourly production and
consumption data during a two-year period is used. The role of a
storage system compared to other means to handle overloading is
studied. It is found that about one third of overloading instances
are suitable to handle with a battery energy storage system. After
this, diminishing returns per unit of storage capacity are shown to
occur.

Index Terms—Distributed power generation, energy resources,
energy storage batteries, power system analysis computing, power
system management load ow, power system simulation, power
transformers, smart grids.

I. INTRODUCTION

I NCREASING the amount of distributed renewable energy
resources (DER) such as wind and solar power is a chal-

lenge to the grid operator. One of the limitations set by the grid
is that DER production may peak at times of low consumption
creating a surplus of power in the grid causing overload of grid
components [1]–[3].
There are a number of ways to increase the amount of re-

newables that can be integrated into a grid, where replacing a
transformer or building of additional lines are the classical so-
lutions. Several alternative solutions exist like energy storage,
controllable loads, communication of real-time measurements
and thermal limits, controlled real-time production curtailment,
distributed semiautonomous control and protection, etc. Such
solutions can represent a cost-effective complement to classical
grid planning alternatives and can be important tools in the cre-
ation of a sustainable energy sector.
With the fast development of Li–ion battery technology,

their energy-density and lifetime is expected to improve while
the cost is reduced. Today storage in the range of up to a
few megawatt hour (MWh) capacity is being commercialized
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Fig. 1. Characteristic time scale of energy storage applications.

and pilot installations built in several counties [4]–[7]. The
development of the methodology to allow a grid operator to
dimension the storage size and power ratings (charge and dis-
charge power) is, therefore, of importance. For a dimensioning
method to be applicable by a grid operator, it is important that
the method uses data that is readily available and that the results
can be easily interpreted in relation to the practical planning
and operation of the electricity grid. The proposed method for
dimensioning energy storage is, therefore, based on load ow
calculations using hourly measurements of consumption and
production.
A battery energy storage system (BESS) is suitable for ap-

plications where variations to be handled by the storage range
from a few seconds to a few weeks. An overview of such appli-
cations is given in Fig. 1. In practice one is today limited by the
number of storage cycles per year that can be made without un-
acceptable shortening of the BESS lifetime. The upper bound is
given by the desired degree of utilization, i.e., if energy is stored
for too long only a few cycles are possible per year giving high
investment cost per cycle.
A method to quantify the hosting capacity (HC) is developed

in this paper and the method is applied to a real grid. The HC
concept was selected due to its transparency and relative sim-
plicity.
The extent to which a BESS can raise the HC is quanti ed.

With a storage system to absorb peak power, the grid does not
need to be designed for the full installed capacity. However, as
a prolonged period of overproduction will ll even the largest
energy storage, it is in practice not justi ed to dimension the en-
ergy storage for the worst case as its capacity would be poorly
utilized the vast majority of the time. This implies that any
storage to handle surplus variable production should be com-
bined with other methods to safely spill (i.e., curtail) surplus
production or match demand to production (i.e., demand-re-
sponse). Alternatively, the risk associated with short periods of
surpassing the HC limits may be accepted if the consequences
can be determined and justi ed.

1949-3029/$31.00 © 2013 IEEE
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Following a case study approach, actual consumption and
DER productionmeasurements from a real subtransmission grid
are used in this paper. Times for charging and discharging of
stored energy in the BESS are taken from an existing 75-kWh
Li–ion storage facility in Sweden [8]. This BESS is designed for
peak load shaving and charges in three hours during the night
and discharges during one hour in the evening in order to de-
crease peak load.
The optimum role of a BESS is ultimately a question for eco-

nomic analysis; still the per unit effectiveness of storage ca-
pacity constitutes a technical restriction that will be the base for
economic analysis of the feasibility of a BESS.
In Section II, the HC methodology to determine the grid per-

formance indices is explained. Section III describes the devel-
oped methodology for dimensioning the energy storage. Results
are presented in Section IV followed by discussion (Section V)
and conclusions (Section VI).

II. GRID PERFORMANCE INDICES

A. Hosting Capacity Concept
The grid limits the amount of renewable energy that can be

connected. The term hosting capacity (HC) is de ned as the
maximum amount of new production that can be connected
without endangering the reliability or quality for other cus-
tomers [9]. The HC is a transparent and objective method for
quantifying and comparing the amount of DER that can be
integrated into the grid. It can be calculated for individual
locations but also for a larger area (e.g., the distribution grid
behind an HV/MV transformer) or even for a whole country
or for a large interconnected system. The HC enables a fair
and objective discussion between stakeholders. The concept
has been recommended by the European energy regulators [10]
and the European grid operators [11] as a way to quantify the
performance of future electricity grids (the “smart grid”).
The impact of additional generation of DER in a grid can be

quanti ed by using a set of performance indicators including
power quality measurements like voltage magnitude, voltage
dips as well as over-current limits in the distribution grid. The
use of a performance index to determine the HC is illustrated in
Fig. 2, and has been developed by the authors in [12] and [13].
By de ning the performance indicators and levels of accept-

able deterioration, a framework exists in which one can objec-
tively determine the maximum amount of generation that can be
connected to a power grid.
When determining the HC limit, the impact of the phenom-

enon that sets the limit needs to be considered. For overloading,
short periods may be acceptable as the thermal limits will not be
surpassed. The impact of the overload, and thus the de nition
of what an acceptable deterioration is, may also vary greatly. It
could be 1) slight reduction of power from wind park through
curtailment but it could also be 2) disconnection of the entire
wind park if the overload protection will trip the production in-
stead of the transformer. If the transformer in the grid must with-
stand the full overload consequences, the impact could also be
3) loss-of-life of the transformer insulation or even 4) trip of
transformer from overload protection resulting in interruption
of power delivery to consumers.

Fig. 2. In the HC approach, a power quality performance index is considered.
With the increase of DER, an acceptable deterioration is de ned. When the in-
crease of newDER generation increases further, the performance index will pass
a limit after which the deterioration is unacceptable. This limit to the amount of
new generation is taken as HC for the studied performance index. Hosting ca-
pacities for several performance indices are to be studied to nd the limits to
new DER generation of a given grid.

B. Combining Storage With Curtailment to Improve Grid
Performance Indices
In this case study, large-scale integration of DER is simulated

in the existing connection point between the distribution and
subtransmission grid. The DER will cause excessive back-feed
into the subtransmission grid. Due to the variability of the DER,
the overload from production is limited to short periods of time
when high production coincides with low consumption in the
grid. Energy storage is a way of taking care of the surplus pro-
duction.
An alternative to storing the surplus energy production that

cannot be delivered to the grid is curtailment. Curtailment of
production involves reducing the power output from certain en-
ergy resources at times when the loading limit of, for example,
a transformer would otherwise be exceeded. In the case of wind
power, the pitch angle of the rotor blades can be altered to “spill
wind” letting it pass through without optimum energy capture,
thus reducing the power output of the wind turbine. The ability
to curtail the production implies that all overloading does not
have to be taken care of by the storage unit.When part of the pro-
duction that would otherwise be curtailed is instead stored and
later returned to the grid, the amount of nondelivered energywill
decrease. This “energy not delivered” is taken, together with the
avoided overloading, as measures for evaluating BESS perfor-
mance.

III. MODELING APPROACH

A. DER Resources
The required model to be used for the DER depends strongly

on the phenomenon that is creating the most severe HC limit.
For thermal overload and voltage rise that were found to limit
the amount of DER in the studied grid, a relatively simple
model is suf cient where DER production sources are modeled
as “negative loads.” The developed module includes time series
of DER production from solar, bio fuels, wind, and small-scale
run-of hydro installations allowing for an arbitrary mix of DER
resources to be simulated in any node of a grid.
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Fig. 3. Studied grid consisting of ve 138/55-kV and two 138/11-kV trans-
formers and a number of 138-kV power lines. The grid is radially operated with
a single in-feed from the national 400-kV grid.

B. Studied Grid
The studied grid constitutes a typical subtransmission grid

connecting a distribution system operator (DSO) with 1-TWh
transferred energy per year and 28 000 customers. Industrial
loads are extensive in the grid. The grid is in normal operation, a
radial grid fed by a single source from the 400-kV national grid.
This allows the interconnection to the EHV grid to be modeled
as an in nitely strong source. Eleven transformers connected
to the regional 130-kV grid are included in the grid model, as
shown in Fig. 3.
Measurements of consumption and production on the 50- or

10-kV side of these transformers are included. The subtransmis-
sion grid has full redundancy with parallel transformers
that are not included in the model as only one transformer of
each pair is operated at any given time. In total, seven power
lines and one cable are modeled. The power exchange with the
400-kV grid is depicted in Fig. 4, and shows a strong seasonal
variation with peaks in winter due to the use of electricity for
heating and a minimum in summer when many industrial loads
decrease.
In this study, the amount of wind power is increased for two

nodes in the studied grid. Node 1 is a rural 63-MVA 138/55-kV
transformer with existing 34-MW installed wind capacity and
6-MW hydro. Consumption varied over the two years between
6 and 53 MW with a mean of 24 MW. Node 2 is an urban
40-MVA 138/11-kV transformer with only minor hydro power
(3 MW compared to consumption of 1 to 26 MW with a mean
of 8.5 MW). In node 1, the direction of power ow uctuates
and production surpasses the consumption roughly one hour of
eight. Peak ow caused by surplus production is 55% of the peak
ow from surplus consumption. In node 2 the simulated wind
production will initially only decrease the net ow until the pro-
duction dominates over the consumption, reaching an HC limit
with reversed power ow direction compared to initial situation.

Fig. 4. Active power exchange over two years between the regional and the
national grid. Superimposed in gray is the load from a large arc furnace oven
that is operating on a weekly schedule. For generality of the results, the arc
furnace load was excluded from the study. The grid’s ability to handle this load
partially explains the large HC found in this study.

C. Energy Storage

The level of DER production is selected such that the HC is
exceeded a xed percentage of the time. This constitutes a prob-
ability of overloading and the improvement of this performance
indices achieved with a BESS is studied.
This study is limited to grid performance indices associated

with overloading, which can be studied with hourly measure-
ments of consumption and production. To study the effect of
BESS for phenomena that are characterized by shorter time
scales than one hour, the same methodology can be used, but
higher time resolution of input data is required.

D. BESS Model

The requirements on the BESS model depend on the phe-
nomena or phenomenons that are studied. For thermal over-
loading studied here, and also slow voltage variations, short-du-
ration dynamic phenomena are of lesser importance and these
are, therefore, not considered in the BESS model used. When
the BESS discharges its energy to the power grid, it is consid-
ered as generating positive real power. When the BESS absorbs
energy from the power grid, it is considered as generating neg-
ative real power.
Storage capacity is taken as the allowed depth of discharge

starting from full storage capacity. (The name plate capacity of
the batteries in a BESS may be larger than this amount so as to
prolong the lifetime of a BESS system by avoiding maximum
discharge.) The limits for stored energy for the hour can
thus be expressed

Power discharge and charge limits can be expressed
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Fig. 5. Correlation between wind production and consumption for node
2 shows that maximum production and low consumption (causing highest
overloading) is unlikely. The dark consumption and production pairs represent
the overloaded hours when DER production is above HC.

The energy storage is modeled with grid-to-grid round-trip
ef ciency during a storage cycle of 0.8. It is assumed that all
losses occur during conversion. The battery state of charge is
assumed proportional to charged/discharged energy. Therefore,
the energy absorbed from the grid is that stored during
charging and the discharged energy to the grid is times the
released energy from the battery. This gives

E. Consumption and Production Time-Series

Hourly measurement of consumption for two full calendar
years (2009 and 2010) for eight transformers connected to a
138-kV grid was used. Time correlated measurements from ex-
isting 34-MW wind, 5.4-MW runoff hydro, and 3-kW solar in-
stallations (all situated within the grid at 60 North and 15 East
and further described in [12] and [14]) were used to ensure real-
istic seasonal and daily time correlation with the consumptions.
The case of increased wind power was selected in this study due
its highly stochastic nature requiring the here developed proba-
bilistic study of overloading.
The capacity factor of the wind park was 29% during the

studied time period. Reactive power for the wind production
was measured and found to be near zero. Reactive power for
loads was calculated based on a power factor of 0.95 for do-
mestic and 0.85 for industrial consumers.
Overload of a transformer or a line in a radially operated grid

occurs for high production in combination with low consump-
tion. Any positive correlation between high production and low
consumption will decrease the HC, whereas a negative correla-
tion will increase the HC. In the case of the wind production, the
correlation coef cient with respect to the measured consump-
tion is 0.05, which implies that high production is unlikely
to correspond with low consumption. This can also be seen in
Fig. 5.
The BESS needs to be dimensioned after the low probability

events where high production and low consumption coincide.

For example, a production within 75% of its maximum will co-
incide with consumption within 25% of its minimum for less
than 3% of the hours. A large number of data points are required
to achieve a correct representation of the power ow distri-
bution. To include annual variations, the measurements should
cover at least one full year.

IV. SIMULATION METHOD

A. Degree of Wind Penetration
Load ows are performed for each set of consumption and

production data in the time-series described in Section III-E.
For power ow calculations, the power system is represented by
a single phase model employing positive sequence parameters
only [15]. The installed capacity of wind power was increased
by scaling the wind power time-series data in order to simulate
the addition of more wind turbines to the power system. For
each additional MW of installed capacity, new load ows were
performed for all 17 520 hours. The HC is exceeded when the
rst transformer or line exceeds its loading limit during at least
one of the hours.
For installed capacity above the HC, the probability of ex-

ceeding the loading limits was calculated from the number of
hours with overloading. For hours when the limit is surpassed,
the power system analysis tool is used to calculate the reduction
in power ow required at the location of storage to avoid the
overloading. For hours after overloading has ended, the amount
of discharge that is possible without the BESS causing a new
overloading is likewise calculated. Based on these calculations
and the modeled storage capacity and power limits, the in u-
ence of a BESS on the probability of overloading has been de-
termined.
Some two million load ow calculations are required per

node for the full analysis of voltages and overloading of trans-
former, lines, and cables over two years with production in-
crease in 100 steps. This can be handled in about 6–8 hours on
a powerful PC. Fig. 6 gives an overview of the procedure.

B. Time-Series Simulation of Energy Storage
The algorithm of storing and discharging energy to the BESS

needs to be optimized for each application of the storage. In
the study, charging commences as soon as overloading occurs.
The amount of energy to be stored is limited by either 1) the
remaining storage capacity, 2) maximum charging power, or
3) power ow reduction needed to avoid overloading. The time
of overloading is concentrated to certain periods. Once a period
of overloading has ceased, there is an increased probability for a
new period of overloading to commence. With overloading oc-
curring 5% of the time, the probability for a second period of
overloading to start in the following measured hour was 23%
for both studied nodes. The probability for a second period of
overloading to occur within three hours was 36% for node 1
and 35% for node 2. This is 10 to 20 times the probability of an
overloading to occur within the same time frame for a randomly
selected hour without overloading. Thus it is a good strategy to
empty the storage as quick as the grid and BESS can handle
once the immediate risk of overloading is over. This control al-
gorithm we call “quick store/discharge.”
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Fig. 6. Overview of procedure used to evaluate grid HC limits, performance in-
dices, and energy storage requirements for various amounts of DER production.
Each application of the BESS will result in a different algorithm for dispatch of
the storage. The power ow to the battery will thus vary.

V. RESULTS

A. Hosting Capacity of the Studied Grid

The HC relative to over-voltage, line, and transformer over-
loading was examined by step-wise increases of the installed
wind power capacity. The rst loading limit (of a line or trans-
former) to be reached sets the HC of the grid. In Fig. 7, the case
where production causes one of the transformers to reach its
loading limit is shown. This was the rst HC limit to be ex-
ceeded in both examined nodes in the studied grid. This corre-
sponded to 74-MW installed capacity in node 1 and 56-MW in
node 2 (with unaltered consumption).

B. Overloading Due to Surplus Production and Effect of BESS

Installed wind power capacity beyond the HC limit causes
overloading during certain time periods, as shown in Fig. 8. The
surpassing of the HC limit can be expressed as a probability
(percentage of hours during which overloading occurs).
For node 1, overloading occurs 5% of the time (438 hours per

year) when the installed capacity reaches 97 MW (compared
to an HC limit of 74 MW) and 56 MW (compared to HC of
45 MW) for node 2. In other words, if overloading during 5% of
time could be tolerated ormitigated, 21-MWadditional installed

Fig. 7. Example of transformer through currents where production is added to
one node in the grid. The through current of transformer (black) connecting the
node with the simulated production is here at its HC, hence any further increase
in production will cause overloading for at least one component and one hour
during the year.

Fig. 8. Hours per year during which the 138/11-kV transformer in node 2 is
overloaded as a function of wind power on secondary side of the transformer.

capacity could be connected to node 1 and 11-MW additional to
node 2.
The capacity factor of the wind farm during the two studied

years was 29%. Therefore, the surplus installation of 11 MW
in node 2 would yield some 28 GWh/year of additional pro-
duction. Most of the time, the grid will be able to receive this
additional power but 1.6 GWh/year of the surplus production
needs to be removed to avoid overloading. The corresponding
value for the node is 58-GWh additional production of which
3.1 GWh cannot be received by the grid.

C. Increase of HC With BESS
Due to the variable nature of the wind production, as well

as consumption, the surplus energy is concentrated to periods
of high production that coincide with low consumption. The
worst case, a 60-hour period of near continuous overproduction
during an autumn storm, is shown in Fig. 9. If the storage has re-
quired charging capacity to store all overproduction, this would
for node 2 require a BESS storage capacity of nearly 160 MWh
even for the case of “just” 11 MW of surplus capacity. Such
a large storage is neither commercially feasible nor justi able
due to the infrequent use of the full storage capacity. Instead
the avoided hours of overload and the nondelivered energy to
grid is studied as a function of the BESS storage capacity.
As shown in Fig. 10, a BESS of just 1/40 of the size required

to avoid 100% of overloading can bring considerable bene ts,
eliminating as much as a third of the overloaded hours. Fig. 10
shows a linear increase of the avoided overloading with storage
size up to 4 MWh. For increasing storage size, the increase in
avoided overload becomes less. The effect on the performance
index per MWh capacity decreases as the storage size exceeds
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Fig. 9. Required storage capacity to ful ll the worst period of over production.
Such a large storage is unfeasible both on economic grounds and due to the
infrequent usage of the full installed capacity.

Fig. 10. Avoided overloading with energy storage in node 2. Linear extrapola-
tion reveals a best possible size after which a given unit capacity increase would
give diminishing returns.

Fig. 11. Avoided overloading with energy storage in a 10-MVA 40/10-kV
transformer of another grid in central Sweden.

4 MWh. Any economic returns due to the storage are related to
the avoided overloading, so that the return per additional MWh
becomes less with increasing amount of storage capacity. This is
referred to as “diminishing returns per unit of storage capacity,”
a phenomenon that is found for all nodes in the studied grid
and also during studies of other grids (Figs. 11 and 12). Other
studies have also reported the rate of the increment of bene t
getting smaller above a certain level [16].

D. In uence of Storage Ef ciency
In Section V-C, an ideal storage has been assumed, with only

the storage size as limitation. Due to conversion losses in the
BESS (that mainly come from the ac–dc and dc–ac conver-
sion and the associated voltage level transformations) all energy
taken from the grid cannot be returned.With losses in the BESS,
more energy is drawn from the grid in order to ll storage of a
given capacity. This will actually decrease slightly the amount

Fig. 12. Decrease in avoided curtailment with increasing storage size in a
10-MVA 40/10-kV transformer of another studied grid in central Sweden. Like
in the previous gure, the point of diminishing return is shown.

Fig. 13. Conversion losses in the BESS will draw additional power from the
grid. Therefore, the same capacity of a BESS will avoid more overloading with
lower ef ciency. This is of cause energy that cannot be utilized (other than as
heat) or returned to the grid as electricity.

Fig. 14. BESS ability to decrease the amount of required production curtail-
ment is in uenced by its grid-to-grid round-trip ef ciency.

of overloaded hours compared to the case without conversion
losses, as seen in Fig. 13. However, conversion losses imply
that less energy can be returned to the grid (Fig. 14).

E. In uence of Charge and Discharge Power

Due to the Li–ion, batteries in the studied BESS discharge
and charge current are asymmetrical, normally allowing quicker
discharge than charging. For handling overloading the priority is
instead to charge quickly. The effect of varying charging power
is shown in Fig. 15. The storage will frequently be hindered
from reaching its full capacity when charging time is increased
from one hour (left) to ten hours (right).
As the charging capacity poses an increasing limitation to the

loading of the storage, the number of hours that overloading will
be avoided decreases. This is shown in Fig. 16. Likewise, the
amount of energy that must be curtailed (cannot be delivered
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Fig. 15. Effect of charging power in node 2. In the left gure, the storage can
be completely lled within an hour. In the right gure, the time to load the
storage is instead 10 hours. This will prolong the lifetime of the battery but the
charging power, rather than the capacity, now limits the amount of energy that
can be stored. The reduced charging power means that the BESS will reach its
maximum capacity less often.

Fig. 16. Decrease in hours where overloading can be avoided for smaller power
rating of the BESS charger.

Fig. 17. Decrease in avoided curtailment with different charging power.

to grid) increases as the charging power, rather than the storage
capacity, becomes the limit (Fig. 17).
In Fig. 18, the discharge time is varied from 1 to 10 hours. Be-

cause the average time between overloading peaks (68 hours)
is considerably longer than the average duration of the over-
loading (4.3 hours), the discharge power of the BESS has less
impact than the charging power but is still signi cant for storage
size around the point of diminishing returns. The increase in
nondelivered energy is only 1.3%–2% in this case and, there-
fore, not shown in a gure.

VI. DISCUSSION

A. Modeling of Battery Storage

This paper studies one application of storage in order to ex-
emplify the HC method for dimensioning an energy storage

Fig. 18. Decrease in hours where overloading can be avoided for smaller power
rating of BESS discharge.

thereby increasing the amount of wind power that can be con-
nected to the grid. Other applications require a different control
algorithm to govern the dispatch of the storage.
Re nement of the energy storage model used in this paper

would be required for simulations with shorter time-scales
where dynamic aspects need to be included in the BESS model.
Other improvements could include detailed state-of-charge
estimation and modeling of the varying losses depending on
different charging/discharge power levels.

B. Dimensioning of Energy Storage

The aim of this study was to develop methods to dimension
the capacity and power ratings of a BESS storage system using
the HC approach. In order for the developed methodology to be
easily applicable to utilities concern was given to limit the re-
quired input data to such information that is readily available
to a DSO. This consists of hourly data for consumption and
production in the point of grid connection (such metering in-
frastructure is today common place in Sweden and being de-
veloped or planned in many other countries) as well as basic
line and transformer data required for load ow calculation. The
time correlated consumption and production data need to be suf-
ciently long (at least a full year with hourly data) in order to be
able to calculate the probabilities also for low probability events.
For a DSO, it is desirable to be able to see the BESS largely as

a “black box” characterized by its capacity and power ratings.
As has been shown in this paper, the power rating will greatly af-
fect the performance of a BESS and must be selected carefully.
The effect of the ef ciency is smaller but will nevertheless have
an in uence on the results around the point of diminishing re-
turns. Today there are suppliers ofMWh capacity BESS systems
guaranteeing up to 90% grid-to-grid ef ciency [16]. However,
this ef ciency is under certain conditions and will decrease for
shorter charging or discharging periods. It is, therefore, impor-
tant to have the complete picture of varying ef ciency during
different operating scenarios when evaluating the BESS perfor-
mance.
In this paper, the fast charging was found to be more impor-

tant than fast discharge. Generally, the length of the time during
which the storage is to be lled compared to the available time
period to empty it will in uence the optimal power ratings. For
other applications of a BESS like load shedding, the relation be-
tween charging and discharge power may be reversed.
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VII. CONCLUSION

The quanti cation of the HC for the various nodes of a grid is
an important tool to scan a grid for suitable DER locations and
aim investment efforts towards the true bottlenecks of the grid.
This paper shows that accurate dimensioning of a BESS is pos-
sible using the HC method and readily available data about the
electricity grid and from revenue metering systems. The model
has been developed so that the results are applicable, for ex-
ample by a grid operator, as input to grid planning. The method-
ology can be extended to other applications such as load shed-
ding or other storage techniques like molten salt (for heat from
solar re ectors), pumped hydro (topology permitting), or com-
pressed air (with gas turbine).
As found in this study, the capacity per unit bene t of the

BESS system decreases with increasing storage size. This phe-
nomenon we call “diminishing returns per unit of storage ca-
pacity.” For storage sizes above this size, it quickly becomes
less attractive to install more capacity. The “point of dimin-
ishing returns” should not be confused with an economic op-
timal size. Determining such requires including a number of
additional studies beyond the technical study presented in this
paper. The economy of the BESS will be in uenced by the se-
lected application, market price for the ancillary services pro-
vided by the storage and regulatory framework, including ability
to add investment to tariff cost base of the utility. However, any
economic evaluation needs to consider the physical restrictions
of the storage technology.
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Abstract—This paper presents the results of a feasibility study of 
a virtual power plant (VPP) in central Sweden designed to 
provide ancillary services to a 50-kV distribution network. The 
VPP consists of a wind park, hydro plant and reservoir as well 
as solar PVs and battery energy storage. The 50-kV 
subtransmission network was modeled in order to evaluate the 
ancillary services that could be provided by coordinating 
existing distributed energy resources in the network. 
Simulations were performed using measured hourly variations 
in production and consumption at all network nodes. The 
studied ancillary services include both reactive and active power 
control. Contribution from the VPP is evaluated for 1) 
balancing, to enable a producer to meet spot markets bids and 
avoid purchases of balancing power 2) minimize peak load in 
order to reduce subscribed power and tariff to the regional 130-
kV network 3) decrease network losses 4) the contribution from 
reactive power control using the power converters to reduce the 
reactive power flow to the overlying network. Quantification of 
the economic gains from each operation case is provided. 

Index Terms-- Distributed power generation, Energy storage, 
Power generation planning, Reactive power control, Virtual 
power plant 

I. INTRODUCTION 
The use of electricity from Distributed Energy Resources 

(DER) like wind and solar power will impact the performance 
of the electricity network and this sets a limit to the amount of 
renewables that can be connected [1] [2]. If designed to react 
to minor fluctuations in the network DER units could become 
an important asset in the effort to keep the power network 
stable and allow for more variable energy resources. However, 
each DER is itself often too small to be effectively controlled 
and managed by power utilities and energy market actors. 

A Virtual Power Plant is a term used for aggregation of 
DER units in order to make them appear as a single, larger, 
power plant [3]. Whereas the market participation of the VPP 
is obtained by the joined production of all the DER units, the 
interaction with the network is different for each unit and 
depending on their location in the network. When evaluating 
the opportunities that a VPP offers, the electricity network 
should therefore be considered as well. This is not only 

because the network can limit the ability of the VPP to 
participate in the electricity market.  

The VPP units may also provide multiple ancillary 
services, supporting the network. Such services can be sold to 
the local network operator providing additional income for the 
VPP operator. For example many DER units have power 
electronic converters that are able to operate in all four 
quadrants. Often these units are set to keep reactive power 
near zero at the DER connection point. The reactive power 
capabilities of the DER units are in this way not fully utilized. 
A more efficient operation of the grid would be possible by 
controlling the reactive-power flow between the DER units 
and the grid. The goal of this study is to quantify the potential 
and economic value of such ancillary services.  

There is a need to develop and evaluate the control, 
communication and operational stability of the VPP. The 
ambition is to implement the VPP described in this paper 
within an existing Smart Grid Research, Development and 
Demonstration (RD&D) unit at STRI in Sweden by providing 
real time communication between the DER units. For this 
reason the paper concludes with a section about the 
implementation of the proposed VPP. 

II. STUDIED NETWORK AND DER CHARACTERISTICS 
A. The Network 

The interaction between the local network and a VPP has 
been studied for an existing 50-kV network in central Sweden, 
shown in Fig. 1. Next to the network data, we had access to 
three years of hourly data of consumption at all nodes over a 
three-year period. Hourly production data is used also from a 
34-MW wind park and a 6-MW hydro-power unit within the 
same network. The availability of such hourly data is common 
place in Sweden, for these voltage levels. The network is 
further described in [4]. 

For a number of locations, active and reactive-power data 
is available with a higher time resolution, from a dozen 
installed power-quality monitors throughout the network. 

This work was part of a master thesis within a joint development project 
at the HVV (www.highvoltagevalley.se) titled “Smart Grid Energy Storage”. 
The work was financed by the Swedish Governmental Agency for Innovation 
Systems as well as IET InnoEnergy INSTINCT.  

N. Etherden, and M H.J. Bollen, are with Luleå University of 
Technology, 931 87, Skellefteå, Sweden and with STRI AB, 771 80 Ludvika, 
Sweden. J. Lundkvist is with Uppsala University, Sweden and with STRI 
AB, 771 80 Ludvika, Sweden. 



B. Participating DER Units  
The DER units listed below are included in the proposed 

VPP. All units exist within the studied network described in 
section II.A, even if the size of existing PV installation and Li-
Ion battery storage is increased in the simulations. No demand 
response capability is included in the study. The DER units 
are envisioned to be monitored and controlled from the 
RD&D for closed loop testing of the VPP applications. 

 A 17 turbine, 34 MW wind park, which cannot currently 
be extended due to limiting capacity in its 10/50-kV 
transformer. Currently the turbine converters set reactive 
power to zero in the parks two network connection. 

 A hydro plant whose generator is rated 7.7 MVA at 6.6 kV 
and directly coupled to a vertical Kaplan turbine at 500 
rpm. It features a rotating brushless excitation system. 
Rated power is 6 MW with an average production during 
2010-2012 of just over 2 MWh per hour. The rating of the 
sole generator is low compared to the size of the reservoir 
thus enabling peak-power production. The local utility also 
controls all the upstream reservoirs in the catchment area 
[5]. Regulation is allowed between 44.3 and 44.5 m in 
summer and 44.0 and 44.5 m in winter, corresponding to a 
maximum “stored” production of 111 MWh.  

 

 The VPP will be studied together with the STRI 
RD&D facilities. These facilities include small (30 kW) 
solar power and Li-Ion storage for one hour maximum 
solar production (30 kWh). Fuel cells, electrolyser and 
hydrogen metal hybrid storage as well as two electric 
vehicles are also part of the facility, but these are not 
included in this study. Based on an assessment of available 
roof area in the nearby industrial park the solar power is 
scaled up to 3 MW in the simulations. The battery storage 
size is increased in the studies up to 8 MW /32 MWh. The 
response from PV installation and Li-Ion battery storage at 
the RD&D facility is increased to represent the larger 
storage and PV in the studies when simulating the VPP 
effect on the network. 

III. EVALUATED ANCILLARY SERVICES 
 Based on a literature study and discussions with the 

local Distribution System Operator (DSO) three 
applications of network services were selected. A fourth 
application, where the aggregator operating the VPP is a 
balance-responsible party, was also included. The 
applications are presented in Table I. Studies of similar 
applications of VPP for reactive power compensation are 
described in [6], for improved system efficiency in [7] and 
to optimize power flow and minimize the peak network 
load in [8] [9]. 

 
Figure 1.  The VPP uses existing DER within the 10-kV (green) and 50-kv (red) networks. The 130-kV network was also simulated but not shown in figure.  
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TABLE I.  SELECTED ANCILLARY SERVICES FROM THE VPP 

Appl. Network service 

B 

Balancing: Compensate for prediction error from non dispatchable 
DER. The hydro reservoir is used with battery storage to allow the 
VPP to act as a balance responsible party and meet the forecasted 
production of the day-ahead spot market of the wind and solar 
units. In this way the next day stated capacity of the DER units 
can be confirmed. The limitations set by the 50-kV network on 
market transactions are specifically part of the assessment. 

P 

Peak monthly power reduction: Reduce subscribed power to 
regional 130-kV network in order to obtain a lower tariff for the 
operator of the distribution network. This application also reduces 
thermal overload, increasing the networks hosting capacity. 

L Minimize network losses: By smoothing peaks in the power flow 
the losses in the overlying sub-transmission network are reduced. 

R 
Control reactive power flow: Lower the reactive power in the 
connection between 50- and 130-kV networks by coordinating 
DER reactive power control possibilities. 

A detailed description of the implementation of each 
application can be found in [10]. Pure market oriented 
optimization of the VPP, including maximizing profit from 
trading on the spot market, was not included in the 
assessment. However, a commercial value of each ancillary 
service is presented in section IV.A to IV.D. For application B 
this is non-purchased balance power, for application P 
lowered tariff to regional network, application L reduction in 
costs to cover losses in the local network. For the fourth 
application, R, the value is in the increased network hosting 
capacity (i.e. ability of the network to host more DER [11]) as 
well as lower network losses in the overlying network. The 
gain is also dependent on national regulation regarding e.g. 
balance responsibility and tariffs [12]. For this reason no 
assumptions on VPP ownership are made. 

IV. RESULTS  
A. Balancing  

This application allows a balance responsible party to use 
the storage and controllable production units of the VPP to 
meet placed bids on the day-ahead spot market from wind and 
solar units. The application compensates for prediction errors 
from wind and solar production. The prediction error of 
production is added to the actual recorded production. The 
error is randomly chosen from a normal distributed curve 
based on typical wind prediction error reported in section 8.4 
of [11]. The distribution of prediction error is given in Fig. 2. 
It was deduced from [13] that the prediction error of the solar 
power has a similar distribution. 

 
Figure 2.  Distribution of prediction error for wind power in North-Eastern 
Germany 2009. Average production in each 15 minute period is 1754 MW.  

This application uses the battery as primary storage and 
the hydro reservoir as secondary. With higher production than 
predicted the hydro power plant lowers the power output and 
the battery is charged. The battery is discharged if the 
production is lower than predicted. The hydro power output is 
increased when the battery storage is not sufficient. 

A simulation is made for increasing power ratings of the 
storage. Maximum charging power is 45 % of the maximum 
discharge power in accordance with the characteristics of the 
modeled Li-Ion storage of the RD&D. The reduction in 
prediction error (i.e. need for balancing power) as a function 
of battery size is shown in Fig. 3. Two curves are shown: for 
2-hour and 4-hour ratio between storage capacity and rated 
power. Fig. 3 reveals only a minor improvement with the 
larger 4 hour capacity. As the cost of energy storage today is 
largely influenced by the battery cost it is important that the 
same converters with fewer batteries can achieve nearly the 
same effect. 

 
Figure 3.  Reduction of prediction error from wind and solar production 
when included in a VPP with hydro reservoir and different battery storage 
sizes. The two upper (solid/red) curves are with only battery storage.  

The hydro plant and reservoir are able to eliminate 20 % of 
the prediction error by itself. Together with an 8 MW/32 
MWh battery storage, up to 60 % of the requirement for 
balancing power can be eliminated. In order to quantify the 
associated economical gain from balancing, the cost of 
balancing power on the Nord Pool Spot market was 
calculated. Up to 40 % of the regulation cost or 2 million 
Swedish crowns (SEK), currently about 230 000 EUR can be 
saved as seen in the right vertical axis scale of Fig. 3.  

B. Peak Monthly Power Reduction 
In this application the aim is to reduce subscribed power to 

the regional 130-kV subtransmission network in order for the 
DSO to obtain a lower tariff. The model is made to reduce 
subscribed power when the power consumption is higher than 
a limit chosen from historical data. The level is updated during 
the month so as not to compensate for high power flows that 
will not result in the hour with the monthly largest MWh 
power flow that governs the tariff. The application uses 
primarily the hydro reservoir and secondarily the batteries.  

The possible reduction of the maximum hourly power flow 
during each month is up to 14 MW, as shown in Fig. 4. 

-4000 -2000 0 2000 4000
Predicted error (MW)



 
Figure 4.  Reduction of maximum monthly power flow with the VPP. Upper 
(red) curve is the monthly maximum flow without VPP and lower (blue) with 
the VPP optimised to reduce peak power flow.  The controller maintains the 
exchange below a monthly value based on historic data of e.g 36 MW during 
the winter. 

The DSO tariff for highest monthly power from the 
overlying network is equivalent to 70 kSEK (8300 EUR) per 
MW and year. Thus the annual saving would be 440 kSEK per 
year. The savings for an end customer from reduced power 
tariff to the DSO would be three times as large. 

C. Minimize Network Losses 
In this application the battery and hydro storages are used 

to reduce the power flow variations. This in turn will decrease 
the transformer and line losses according to equation (1), 
where the impact of harmonic distortion on the losses has been 
neglected. 

 (1) 

Using the measured values of active power flow and a 
power factor of 0.9. Simulations with full compensation of 
reactive power resulted in a reduction of the losses by 20 %. 
The remaining 80 % of losses are due to active power and 
variations in active power. It was found that the reduction of 
losses in the network with active power compensation from 
primarily the battery storage was insignificant. 

To determine the maximum potential of this application 
simulations have also been done in which the active power 
was kept constant during each full day. Even this only resulted 
in a small reduction in losses in the 130-kV grid, see Table II 
far right column. As will be shown in Section IV.D, reactive-
power control has bigger opportunities to reduce losses. 

 

D. Reactive Power Flow Management:  
This application controls reactive power flow in the 

connection point between the 50- and 130-kV networks. The 
reactive power capabilities of the VPP’s DER units are shown 
in Fig. 5. In Section IV.C the reactive-power control of the 
DER units was used to maintain voltages. In this application 
the reactive-power control is used to minimize the reactive 
power in the 50/130-kV network connection point. The 
 
 

reactive power flow in the 50/130-kV network connection was 
simulated with and without optimization of active power flow. 
The reactive power requirement results in maximal reactive 
power output from the storage and generation sources for most 
of the hours. 

 
Figure 5.  Capability curves of the VPP inverters  

The VPP is able to eliminate the reactive power demand of 
the 50-kV network with 75 %, see Fig. 6. This reduction 
almost eliminates the contribution to network losses from the 
reactive power of the 50-kV network in the 130-kV network 
as shown in Table II in which a reduction of losses has a 
negative sign.  

 
Figure 6.  Reduction of reactive power in the 50/130-kV connection point. 

A reduction of losses in the 50-kV network was also 
found. However violation of voltage limits was shown to 
occur for some hours. Keeping the voltage within limits will 
require the reactive-power flows to be limited. This will in 
turn reduce the ability of the VPP to reduce reactive-power 
exchange. 

With the average spot market price 2010-2012 the annual 
savings in losses of 28 + 90 MWh would amount to only 50 
kSEK or 5.7 kEUR per year. 

  



TABLE II.  OVERVIEW OF NETWORK LOSSES WITH AND WITHOUT VPP 

Case 
Annual losses / 
reduction [MWh] 

Maximum annual 
reduction [MWh] 

50-kV 130-kV 130-kV 

Without VPP1 4656  5610 N/A 

VPP with active power 
compensation  +14  -1  -452 

VPP with reactive power 
compensation  -28  -90  -145 3 

VPP with both active and 
reactive compensation -17  -86  -132 4 

1 No battery storage or hydro reservoir (hydro production given by water inflow) 
2 Based on unlimited size of VPP that each hour can bring power exchange with  
130-kv network to its daily average 
3 Losses with Q equal to zero in the 50/130-kv connection point 
4 Losses with P according to 2 and Q according to 3 

V. IMPLEMENTATION 
The different applications of the VPP compete with each 

other for the priority of the DER. Application P uses primarily 
the hydro reservoir. Applications B and L use first the battery 
storage, only using the hydro storage when the battery storage 
is insufficient. As the secondary storage is used less often and 
the primary storage source varies, the applications can 
successfully coexist with little performance reduction. This is 
shown in Fig. 7. 

 
Figure 7.  Time use of the hydro and battery storages for each studied 
ancillary service. Top row shows balancing with battery as primary storage 
(left) and hydro reservoir as secondary storage (right). Middle row: peak 
monthly reduction with reservoir as primary storage (left) and battery as 
secondary storage (right). Bottom row: loss minimisation with battery as 
primary storage (left) and reservoir as secondary (right).  In the simulations 
only one application is applied at a time.  

It may also be possible for these network services to 
coexist with commercial spot market trading optimization 
where they are only initiated during contingency situations. 
Because the prioritization of the services is internal to the VPP 
controller are not further discussed in this paper.  

VI. CONCLUSSIONS 
The application most profitable for the Virtual Power Plant 

was to optimize use of dispatchable production and storage 
resources in order to meet placed bids on the day-ahead spot 
market of (non dispatchable) wind and solar resources. This 
could halve the cost for balance power, a saving of 2.5 million 
SEK, but it would require relatively large battery storage. To 

minimize peak load and thereby reduce the tariff could save 
on average 440 kSEK per year for the DSO. Benefits from 
reduced network losses and control of reactive power flow 
where also found but are greatly dependent on the network 
characteristics and therefore these results cannot be 
generalized. Especially when using reactive power 
compensation care must be taken not to violate voltage limits 
in the network. As reactive power product that cannot be 
transported over large distances, it is difficult to establish a 
proper market [14]. Therefore regulatory measures to 
maximize the hosting capacity for DER may be a more 
appropriate evaluation criteria then the economic metrics used 
here when evaluating such ancillary services.  

Although gains from the describe VPP amount to 2-3 
million Swedish crowns per year the current costs for grid-
scale energy storage of these sizes would still mean payback 
times of several decades. Today the BESS cost is mainly 
related to the price of its batteries. Thus applications like 
balancing that rely mainly on a power rating are more cost 
efficient than using the battery storage for tariff or loss 
reduction (where the energy capacity of the storage is more 
important than the power rating).  
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Abstract— This paper assesses the communication, 

information and functional requirements of a Virtual Power 
Plant (VPP) against capabilities of emerging power utility 
automation standards. The VPP consists of hydro and wind 
plants, solar PV and storage facilities. Several applications to 
provide grid services from the proposed VPP in an existing 50 
kV grid are covered. Requirements are analyzed and mapped 
against services and information models of IEC 61850 and CIM 
standards. Proposals are given for extensions of the IEC 61850 
standard to meet the interaction between VPP controller and the 
distributed energy resources. Finally, the implementation of the 
communication and control architecture in the SCADA of a 
medium voltage RD&D installation is presented.  
 

Index Terms— Distributed power generation, Energy storage, 
Reactive power control, Virtual power plant 

I. INTRODUCTION 
Virtual Power Plant (VPP) is a term used for aggregation 
of Distributed Energy Resources (DER) in order to make 

them appear as a single, larger, power plant [1]. When the 
VPP also includes storage and demand response capabilities, 
it allows variable renewable energy sources, like wind and 
solar photovoltaic (PV) power, to act as a large dispatchable 
power plant. 

Whereas the energy market participation of the VPP is 
obtained by the joined production of all the DER units, the 
interaction with the grid is different for each unit and 
dependent on their location in the grid. The grid will limit the 
ability of the VPP to participate in the electricity market. The 
VPP units may also provide grid services, allowing the 
coordinated control of DER units to become an important 
asset to allow a higher proportion of variable energy 
production. The optimized control of multiple small units, 
possible within a VPP can then reduce the burden on the 
remaining large power plants to stabilize the grid as their 
proportion of the total electricity production declines.  

The integration costs for providing grid services is a major 
concern with diverse units that do not have a common 
ownership and that are from different manufacturers, each 
potentially using its own propriety communication interface. 

 
The feasibility study of the Virtual Power Plant (VPP) was undertaken 

within a joint development project at the HVV (www.highvoltagevalley.se) 
titled “Smart Grid Energy Storage” and co-financed by the Swedish 
Governmental Agency for Innovation Systems. 

The assessment of open communication standards for VPP’s was part of 
the EIT InnoEnergy INSTINCT project. 

For a VPP to be cost effective in integrating a broad variety of 
DER units, standardized communication interfaces are needed 
that support interoperability on multiple levels. The 
communication channel must be well defined, exchange of 
information should use common syntax and semantics. A 
common functionality is needed to support the grid services. 
Finally, support of well defined engineering workflows, 
system management and configuration procedures is also 
needed for aggregating and lowering the overall integration 
cost which in turn requires standardization. 

The commercial aspects of VPPs have been studied [2, 3] 
as well as scheduling [4], control and dispatch [5, 6, 7]. Some 
implementation requirements are described in [5, 8]. Use of 
IEC 61850 for VPP has been proposed [9, 10] and also field 
tested in [11]. What is missing in the scientific literature is a 
systematic analysis of the functionality and need for 
information exchange of VPPS in the context of context of 
emerging Smart Grid standards and architectures. This is 
undertaken in this paper as well as a gap analysis of proposed 
Smart Grid standards. In order to verify the maturity and 
performance of the proposed architecture the described VPP 
functionality has been implemented within a Research, 
Development and Demonstration (RD&D) platform. 

The rest of this paper is structured as follows: Section II 
presents the requirements for four selected applications of the 
VPP. Section III and IV assesses available Smart Grid 
architectures and recommends standards and also outlines the 
extensions required to IEC 61850 for a VPP. Section IV.C 
describes implementation of the VPP controller in an IEC 
61850 capable SCADA system. 

II. DESCRIPTION OF THE VPP 
The VPP implementation, used as a reference in this paper, 

is based on existing and modeled DER in a real 50 kV grid. 
The VPP includes an existing 34 MW wind park and 6 MW 
run-off hydro-power plant with a reservoir that can store the 
equivalent of 111 MWh production. A 3 MW PV installation 
and 8 MW / 32 MWh battery energy storage system (BESS) 
are based on data from smaller units in a nearby RD&D. The 
wind park and the PV installation are not controllable; their 
production is determined by the availability of sun and wind. 
Variations from these two sources can be compensated by the 
hydro-power plant and the battery storage. Simulations using 
three-years of hourly consumption and production data have 
shown potential gains for the network in operating the 
resources as a VPP [12]. 

Virtual Power Plant for Grid Services  
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A. Selected Applications 
Selected applications for grid and system support provided 

by the VPP were based on a literature study and discussions 
with the local Distribution System Operator (DSO). Such 
ancillary services go beyond the mere market value of the 
produced energy. For example, many DER units have power 
electronic converters that are able to provide or consume 
reactive power to help maintain voltage levels. Often these 
units are set to keep reactive power near zero at the DER 
connection point. The potential to coordinate these reactive 
power capabilities to optimize the overall efficiency of the 
grid(s) in which the DER units are located are then not fully 
utilized. The studied applications are presented in Table I.  

TABLE I.  SELECTED GRID SERVICES FROM THE VPP 

Grid service  Found Gain 
Balance responsible party (B): Compensate for prediction 
error from wind and solar. The hydro reservoir is used with 
battery storage to allow the VPP to act as a balance 
responsible party and meet the forecasted production of the 
day-ahead spot market of the wind and solar units. In this 
way the next day stated capacity of the DER units can be 
met. The limitations set by the 50 kV grid on market 
transactions are specifically part of the assessment. 

230 
kEUR/yr 

Peak monthly power reduction (P): Reduce subscribed 
power to regional 130 kV grid. This application reduces 
thermal overload, increasing the grids hosting capacity.  

50 
kEUR/yr 

Minimize grid losses (L): By smoothing peaks in the power 
flow the losses in the subtransmission grid are reduced. 

Not meas-
ureable  

Control reactive power flow (R): Lower the reactive power 
flow through the 130/50 kV transformers by coordinating 
DER reactive power control possibilities. 

6 
kEUR/yr 

Studies of similar applications of VPP for reactive power 
compensation are described in [13], for improved system 
efficiency in [1] and to optimize power flow and minimize the 
peak load in [5] [14]. A commercial value in kEUR of the 
estimated annual gain of each grid service is included in Table 
I, based on [12]. For balancing (B) the gain is non-purchased 
balance power, for peak reduction (P) lowered tariff to 
regional grid, for loss reduction (L) the costs to cover losses 
in the local grid. For balancing (B) and the reactive power 
compensation (R), the value is also in the increased hosting 
capacity (ability of the grid to host more DER see [15]). 

The different applications of the VPP use the storage 
resources with different priority. The peak reduction 
application (P) uses primarily the hydro reservoir. The 
applications B and L use first the battery storage, turning to 
the hydro storage only in extreme circumstances when other 
applications are down prioritized. The prioritization of the 
services is internal to the VPP controller and does not affect 
the required information exchange. 

B. Functional Requirements  
The grid services in Table 1 require the following 

functionality group according to [16]:  
 - DER System Management: Connect a DER to the VPP 

controller, reading service capabilities of the DER and 
updating the VPP list of resources and capabilities. 

 - DER System Control: Services for data acquisition, 
monitoring of an aggregation of DER as well as split and 

distribution of control requests to the various DER. 
 - DER or microgrid unit control: supervisory control and 

data acquisition of the units participating in the VPP. The 
balancing (B) and peak power (P) applications require the 
VPP to calculate individual set points for active power. The 
grid loss (L) and reactive power compensation (R) require 
reactive power set points to be calculated and sent to 
individual VPP units. 

C. Information Requirements 
The required information to perform the applications 

described in Table I consists of both commercial data from 
market traders, real-time information from the included DER 
and measurement of power flow and voltages in the 
distribution grid. The appendix summarizes the required 
information to perform the applications in Table I. Some of 
the information is optional (indicated with ‘Op’) to improve 
performance, but not essential for the basic application. 

The VPP needs to communicate both with the DSOs 
SCADA system and equipment in the grid in order to gather 
information. There is also need for information exchange 
between the VPP and market actors. Based on the Cell 
Controller architecture [17] [18], the design uses semi 
autonomous agents in the form of Intelligent Electronic 
Devices (IEDs) and VPP controllers. Each VPP controller 
receives commands and set points from overlying layers but 
otherwise acts autonomously, considering its own operational 
limitation, as shown in Fig. 1. 

 
Fig. 1. VPP architecture using a hierarchical structure. Interactions with 
asset owner, operator system operators and market actors are shown (left) as 
well as proposed information models for the data exchange (right). 
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D. Communication Requirements 
For the studied applications data on the grid voltage, power 

flow and DER production are sufficient on a 1-minute scale. 
To acts as balancing party and compensate for prediction 
errors in day ahead and intraday bids, 15 minute update 
intervals are expected. To compensate for deviations within 
the interval, minute updates for production and storage set 
points are anticipated. These moderate requirements are 
supported by trial implementation of application (R), with 5 
minutes update intervals [13]. However, applications like 
control of reactive power to compensate short-term voltage 
variations require update intervals less than one minute. 

With a large number of DER in a VPP the failure of 
individual DER to participate in a request is not crucial, so 
availability requirements are moderate. The proposed VPP is 
intended for a subtransmission grid where all substations are 
accessible over Wide Area Network (WAN) at speeds of 100 
MB/s. In Sweden it is not unusual for 10 kV substations to 
have WAN access making bandwidth efficiency of used 
protocols less important than with e.g. power line carrier 
techniques. The bandwidth efficiency is still a concern for 
retrieving sensor data over wireless links or from energy 
meter outside the substation [19] [20] [21].  

A request from overlying VPP controller will result in the 
calls to all participating DER. If the number of DER 
participating in the VPP is large the simultaneous response of 
these units will lead to peaks in the used communication 
bandwidth. If this is a concern similar functionality as defined 
in IEC 61850-90-7 could be implemented to randomize time 
of response within a provided time window. 

E. Communication system security requirements  
As the VPP acts within a utility WAN the IT security is 

enforced only at the external gateways to the WAN. For 
commercial operation access to individual DER at owner 
premises is a concern. Methods to ensure data integrity and 
distinguish rough commands from those of VPP controller 
must then be ensured. This could be done through 
authentication and confidentiality services based on 
encryption and key management under development as IEC 
62351 standard, or through other means [22] [23] [24].  

III. SMART GRID ARCHITECTURES FOR VPP 
A VPP requires information from a large number of 

application domains (wind, hydro, solar PVs, storage, market 
operation, demand response schemes, etc). This section 
analyzes the requirements of a VPP using the Smart Grid 
Architecture Model (SGAM) [25], which has been developed 
by CEN, CENELEC and ETSI standardization bodies in 
response to the EU Commission mandate M/490 [26]. This 
framework has been selected over the IntelliGrid Architecture 
from Electric Power Research Institute (EPRI) [27] and IEC 
reference architecture for power utility automation [28] [29] 
due to the SGAMs clear separation of interoperability 
requirements on protocol, information, functional and 
business objectives level. 

The SGAM model divides the components of the power 
system into a number of domains and zones, see Fig. 2. The 
DER system management spans the process, field, station and 
operation zones [16] and the distribution and customer 
premises domains. Interactions also exist to enterprise and 
market zones and, possibly, the transmission domain, 
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Fig. 2. SGAM Smart Grid domain, planes and hierarchical zones. 
Reproduced from [25] with participating VPP units and external interactions 

The SGAM model further defines five layers of 
interoperability between components, communication 
protocols, information models, functions and on the top layer 
business objectives and processes. Using the five 
interoperability dimensions of the SGAM model, the 
requirements of section II.B to II.D can be mapped to the 
layers of the SGAM model as shown in Fig. 3. 

 
Fig. 3. Mapping of the Virtual Power Plant business, function, information 
and communication requirements to the SGAM Smart Grid model. 

IV. ASSESSMENT OF SMART GRID STANDARDS FOR VPP 
Several assessments of Smart Grid standards have been 

performed. The US National Institute of Standards and 
Technology Smart Grid Interoperability Panel initially 
indicated five "foundational" sets of standards, all IEC TC 57 
standards [30], a list which has since been extended to some 
75 standards [31]. 

In the IEC Smart Grid Standardization Roadmap [29] and 
reference architecture [28] IEC 61850 are used for the device 
to application communication while CIM is preferable for 
inter application information exchange. Referring to Fig. 2 the 
zones for IEC 61850 are from operation down to process level 
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and for CIM from operation up to the market zone. 
Proposals in the literature for implementing VPP’s also 

include the use of middleware software, Web services [32] as 
well as OPC [33]. The use of Web services as protocol for 
IEC 61850 in order to achieve a Service Oriented Architecture 
(SAO) has also been proposed [33] [10]. Protocol solutions 
that do not provide semantic description of the data could also 
be used albeit without gaining the potential engineering 
efficiency provided by IEC 61850 and CIM. From a 
contextual point of view, several of the alternative proposals 
are better understood as alternative carriers of data on the 
communication dimension of the SGAM model and do not 
constitute an alternative to the interoperability on the 
information and functional layers through standardized data 
model and engineering processes in CIM and IEC 61850. 

A. CIM 
The Common Information Model (CIM) is standardized as 

IEC 61970 for application program interfaces of energy 
management systems within the transmission domain. CIM 
has been extended as IEC 61968 for distribution domain and 
as IEC 62325 energy market communications. At distribution 
level it is used for information exchange between applications 
for energy management, operation, and asset management. 
[34]. CIM defines classes, attributes and relationships using 
Unified Modeling (UML), which allows a stringent and 
consistent modeling [35]. The model also includes definition 
for asset tracking, schedules and customer billing [36]. 
European transmission system operators have decided to use 
common information model (CIM) IEC 61970 for exchanges 
of system operations and system studies [37]. The CIM 
modules are not completely harmonized with IEC 61850 and 
today require manual mapping of CIM equipment to IEC 
61850 Logical Node instances and of CIM measurements to 
data attributes in IEC 61850 [11]. 

B. IEC 61850 
IEC 61850 is an information model and communication 

architecture standard developed to allow interoperability 
within power utility automation systems [38]. Originally 
intended for use within substations at transmission level, it 
has been extended to cover new domains such as wind (IEC 
61400-25), hydro power (IEC 61850-7-410) and several types 
of DER (IEC 61850-7-420) as well as new application areas 
like inter-substation and substation to control centre 
applications [39]. The standard has become the most common 
substations communication solution at higher voltage levels in 
many countries. At the end of 2013 some 90 manufacturers in 
more than 20 countries had certified devices for the standard. 
Solutions exist to run IEC 61850 software protocol stacks on 
microprocessors costing as little as 50 EUR. 

The application view and object-oriented structure of IEC 
61850 is described in [40] [41]. In IEC 61850 a Logical Node 
is a virtual representation of the communication interface for a 
primary apparatus, protection and control function or 
measurement value. Logical Nodes are grouped into Logical 
Devices implemented in Intelligent Electronic Devices 

(IEDs). A power utility automation function is realized by a 
set of collaborating Logical Nodes distributed over IEDs [42].  

In IEC 61850 Logical Nodes, data objects can contain 
multiple attributes including quality, time stamp and even, if 
required, currency information. The standard today allows the 
grouping of Logical Nodes into functions and sub functions in 
a topology related data model. The same information can be 
grouped into components and sub components in a parallel 
product view of the IEDs. A gateway device may also hold a 
representation of non-IEC 61850 devices to which it 
communicates. This allows flexible modeling where 
information from simple and diverse IEDs of the participating 
DER can be efficiently structured in a hierarchical model 
within the VPP. 

The model and system configuration can be specified on a 
functional level allowing free allocation of the functionality to 
various Intelligent Electronic Devices (IEDs) used for 
protection, control and monitoring. Information from the 
IEDs can be sent to gateways or directly to SCADA and EMS 
systems. This makes the standard very appropriate for 
modeling of complex distributed systems.  

The protocols used to send IEC 61850 information are 
generally not defined in the standard itself, only the mapping 
to a limited number of protocols standardized elsewhere is 
included in the standard. 

As IEC 61850 covers data models for a broad range of VPP 
components they can interact through a coherent information 
model using standardized semantic, syntax and service-
oriented communication interface. Extensions are on-going to 
new domains like electrical storage and to make IEC 61850 
applicable for new application areas and lower voltage levels. 
Some demonstration projects are now going as far as 
proposing the use of IEC 61850 for all the communication 
concerning the electrical domain [43]. 

C. Required Adaptations of IEC 61850 for VPP’s 
IEC 61850 enables well-defined system interfaces between 

different DER units using standardized interfaces; however, 
functionality for scheduling as well as management and 
aggregation of DER required by a VPP is lacking. Scheduling 
does exist in the wind power variant of IEC 61850 (IEC 
61400-25) and is a planned extension. An upcoming part (IEC 
61850-90-15) regarding “Hierarchical DER System” intends 
to fill the gap required for aggregation and DER management 
and will also allow “mapping of DER-type specific 
information into a generic DER-type independent data 
module” making aggregation more efficient [16]. 

According to IEC 61850-90-15 the VPP is intermediary for 
requests from clients seeking information from the DER units 
on process level. Several interfaces exist between the VPP 
controller, the DER units and market actors as given in Fig. 4. 
IEC 61850-90-15 distinguishes between commercial 
(participation on wholesale markets) and technical VPP 
(support for the local grid). Commercial VPP is mainly part of 
the enterprise and market zones of the SGAM model and thus 
associated to the IEC 61968 CIM (see Fig. 2). The technical 
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VPP covers communication between field, substation and 
operation zones associated with IEC 61850. 

 
Fig. 4. Interfaces of the VPP to grid operator and market, according to IEC 
technical committee 57, working group 17 

IEC 61850-90-15 will describe a number of services 
required by a VPP. This will include administration functions 
that allow the VPP to maintain a registry of the DER units. 
Lacking in the IEC 61850 standard today are also dynamic 
system management services to allow a DER to register to a 
client specified with only its IP-address. The client can then 
query the characteristics and properties of a DER and 
subscribe to specific services controlled by the VPP. In a 
longer perspective standardized services such as those 
described for PV and other DER inverters in IEC 61850-90-7 
could be subscribed to automatically. Such functions include 
freq-watt, volt-watt control of active power and fixed power 
factor, fixed VAr, Volt-VAr and Watt-power factor control. 
Using such advanced DER characteristics, the VPP would 
need only to optimize the settings of the various DER, rather 
than continuously adjusting set points. 

Based on its database the IEC 61850 VPP could, with these 
additions, respond to requests from a Distribution 
Management System (or a market trading system) providing 
characteristics, properties and a response with available 
capacity. The database is then updated with real value 
parameters and real time estimates of available capacities. 

V. IMPLEMENTATION 
In order to verify the maturity and performance of the 

proposed architecture the VPP functionality has been 
implemented within a Research, Development and 
Demonstration (RD&D) platform. The implementation is in 
some case made according to committee drafts of standards 
still pending final approval within the IEC.  

The installation includes real-time communication from the 
MV distribution grid as well as status information from a 
nearby hydro power plant and wind park. The RD&D enables 
development and verification of control algorithms for VPP’s 
in order to gain experience in their practical deployment and 
operation. The RD&D facilities include 30 kV solar PV and 
30 kV / 20 kWh lithium-ion battery storage. The DER units 

are monitored and controlled from an IEC 61850 capable 
SCADA that acts as a VPP aggregator. 

A. Mapping to IEC 61850 Data Models and Services 
Included as an appendix are proposals of appropriate IEC 

61850 Logical Nodes, data and services to be used in the 
implementation of the VPP applications described in section 
II.A. For data acquisition and monitoring between the VPP 
controller and the DER units generic measurements (MMXU 
Logical Node from IEC 61750-7-4) are mostly used. This 
approach was required as most commercially available IEC 
61850 DER implementations do not yet use the IEC 61850-7-
420 Logical Nodes for DER system rated characteristics, 
operational characteristics, supervisory control, set point 
allocation and operation mode. The IEC 61850 modeling 
concepts are also significantly different and more extensive 
than other solutions. Specific functionality, services and 
points of measurement are mandated that required more than a 
direct one to one mapping of existing Modbus interfaces in 
the DER. 

The IEC 61850 modeling of the BESS was created by the 
authors, providing full freedom to implement the IEC 61850-
7-420 standard. Due to ongoing extensions and revisions of 
the standard the battery models were ambiguous at the time of 
writing, in some cases providing up to four alternative 
mappings for the same internal BESS variable, according to 
IEC 61850 parts under various stages of drafting and 
approval. To align the vendor’s propriety battery management 
system and the IEC 61850 implementation the choice fell on 
using first standard edition’s ZBAT Logical Node and 
introducing an extension to it for the percent battery state of 
charge. 

In total 28 different IEC 61850 servers are present in the 
RD&D, including protection relays, communication network 
equipment, power quality meters, transformer supervision and 
battery storage. See Fig. 5 for extracts of their modeling. 

 
Fig. 5. IEC 61850 data model of inverter controller of the protection relay, 
power quality meter, transformer supervision, bridge and battery storage 

IEC 61850 supports four different data access methods. 
The principle characteristics of these are given in Table II. 
The VPP uses unbuffered reporting for measurement and 
buffered reporting service for status values. Due to limitation 
in some IEDs the polling service is used instead of reporting 
for retrieving status values. The IEC 61850 control is 
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according to IEC 61850-7-2. Further information on the 
control is given in the description of each application 
implementation (Section D and E). 

TABLE II.  COMPARISON OF THE DATA ACCESS METHODS IN IEC 61850 

Retrieval 
method 

Time-
critical  

Can lose 
changes  

Multiple 
clients  

Last data 
stored by 

Typical 
client 

Polling 
(GetDataValues)

NO YES YES – Browser 

Unbuffered 
Reporting 

YES YES NO – Real-time 
GUI 

Buffered 
Reporting 

YES NO NO Server Data 
concentrator

Log (used for 
SOE logging) 

NO NO YES Client Engineering
stations 

GOOSE YES YES YES – IED (peer-
to-peer) 

The services defined in IEC 61850-7-4 for statistical and 
historical data allow the VPP controller to keep track of 
power flows and limits. These services did not exist in the 
IEC 61850 servers, instead the functionality was implemented 
in the SCADA system. 

B. Configuration 
The participating DER units must be assigned an IP-

address within the VPP’s subnet. The VPP can then configure 
the data retrieval and commands to the DER. Configuration 
can be done either off-line with the Substation Configuration 
Language (SCL) description (as defined in IEC 61850-6) or 
online through browsing the DER content with 
MMS/ISO9506 protocol (as mapped in IEC 61850-8-1), see 
Fig. 6.  

 
Fig. 6. Configuration of the VPP controller can be done off-line using IEC 
61850 SCL files (left) or on-line with MMS/ISO9506 protocol (right). In both 
cases the result is a list of available IEC 61850 variables (bottom). 

When the required data is available in reports, the reports 
are subscribed to, otherwise the data is polled. The option to 
poll data minimizes the requirements on pre-configuration in 
the DER units for participation in the VPP. This reduces 
complexity, engineering time and lowers the integration cost. 

C. Communication 
IEC 61850 as a communication solution has good 

performance in terms of scalability, efficiency, reliability and 
availability compared with other SCADA protocols like IEC 
60807-5-104 [44]. The use of IEC 61850 is not designed to 
minimize bandwidth and more information such as object 
labels, types, extensive quality information and timestamps 
are sent compared to other protocols. The MMS/ISO 9506 
used for reporting typically consumes 3 to 10 times more 
bandwidth than other alternatives [44]. However, as seen in 
Section II.B, this is not a major concern for the proposed VPP 
since broadband WAN access is available to DER units. 
Bandwidth use is still moderate for the implemented VPP. 
From the 12 kV relays, data is retrieved with reporting service 
(see Table II) requiring 0.25-1 kBytes/s per IED. Some data is 
also available using the peer-to-peer GOOSE service defined 
in IEC 61850-8-1. This requires 0,01 to 0,3 kBytes/s for 
messages containing 2 to 10 data attributes repeated at 
intervals of either 750 ms or 10 s, depending on data usage. 

Through a dedicated VLAN within the DSO WAN the 
facilities have access to equipment in the distribution grid. An 
IEC 61850 capable power quality metering system is installed 
in a dozen locations within this distribution grid allowing 
measurements from locations in the grid to be used by the 
VPP. The 50/10 kV substation of the wind park is 15 km 
away and passing either 14 or 15 switches (hops) depending 
on the switching tree. Measurements show delays of less than 
1 ms on ping. While the DSO power quality monitoring 
system uses proprietary TCP/IP communication, the VPP can 
in parallel retrieve data via IEC 61850 polling routed on 
separate VLAN. The per second polling of 39 IEC 61850 data 
attributes results in on average 6 kBytes/s, doubling during 
shorter periods as shown in Fig. 7. 

 
Fig. 7. IEC 61850 data traffic for polling of one IEC 61850 server within 
the DSO WAN. Blue/line is poll requests over MMS (ISO 9506) and 
green/bar is the corresponding traffic load from data response. The product 
does not support the reporting service. 

D. Balancing and peak reduction 
For applications B and P of Table I the VPP monitors the 

battery storage and controls active power using the Logical 
Nodes for DER supervisory control, controller status and 
controller characteristics (DRCC, DRCS, DRCT) defined in 
IEC 61850-7-420. The active power is set with 
DRCC.OutWSet.ctlVal. To demonstrate the ability to control 
active power the response from PV installation and Li-Ion 
battery storage is increased to represent the larger storage and 
PV in the studies when simulating the VPP effect on the grid. 
The active power set points of the BESS is determined 
through a Proportional Integral Derivative (PID) control loop, 
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implemented in the SCADA VPP controller, see Fig. 8. 
The hydropower installation is not controllable with IEC 

61850 at this stage. If its controller was retrofitted with an 
IED that implemented IEC 61850-7-410, the active power 
output would be controlled by the automatic power regulator 
Logical Device. The active power set point control function 
for active power (standardised prefix W_+FSPT.SptVal) is 
then activated by the hydro governor (HGOV). The wind 
park, when modeled according to IEC 61400-25, would allow 
control of active power output through the Logical Node for 
active power control (WAPC). First the active power control 
function is activated with data object PlWAct followed by 
setting reference value for the wind power plant active power 
output with WAPC.SptPlW. The inverters of the PV could be 
commanded to participate in the reactive power 
production/consumption via a modified power factor. (For a 
single wind turbine the Logical Node WTUR would be used 
instead.) Following the IEC 61850-90-7 technical report 
“Object models for power converters in distributed energy 
resources (DER) systems” the VPP could interact with the PV 
converters using immediate control functions to curtail 
production. This would be done by invoking function INV2 
“adjust maximum generation level down”. 

 
Fig. 8. Control of BESS active power using the SCADAs built-in soft PLC 
(Programmable Logic Controller). The control loop inputs are wind park 
production, transformer loading capacity. A single Proportional Integral 
Derivative (PID) function block determines the BESS active power set point. 

E. Loss minimization and reactive power 
For applications L and R in Table I the reactive power set 

points of the BESS are controlled via 
DRCC.OutVarSet.ctlVal. The BESS converter is based on 
two Voltage Source Converters (VSC) of 50 kVA. The 
converter switching technology is based on Insulated-gate 
bipolar transistors (IGBTs) ensuring the bidirectional 
capabilities needed for freely setting reactive power 
independent of the active power within the operational range 
(-13 kW to + 23 kW and ±30 kVAr). The SCADA receives 
measurement of the reactive power on the HV side of a 12 kV 
transformer from the protection and control IED. The BESS 
reactive power set points is determined by a single PID loop. 
Fig. 9 shows the application in the SCADA VPP controller. 

For the hydro power plant to perform the simulated reactive 
power contribution in [12], a separate instance of the set-point 
control function Logical Node (including recommended 
prefix: VAr_FSPT.SptVal) would be used after control mode 
is activated with control mode selection VAR_ACTM. For 
wind the reactive power control (WRPC) is used. For the 

reactive power control of a wind park the function is first 
activated with WAPC.PlVArAct and reference value of wind 
power plant reactive power output then set with 
WRPC.SptPlVAr.  

For PV control the VPP could, according to IEC 61850-90-
7, use immediate control functions for power converters 
(INV3) to adjust power factor or use Volt-var management 
mode (VV13) to send near real-time updates of fixed var 
settings for power converters. However, due to the frequent 
(tens of seconds) variation in solar power caused by passing 
clouds it would probably be more efficient to use autonomous 
Volt-var management modes. The PV would function 
according to a defined volt-var curve requested to switching 
from volt-var mode (VV11) without active power reduction to 
mode (VV12) with maximum var support in contingency or 
stressed grid operation states. A further possibility is the 
GOOSE interface that exists for the converter according to 
Italian directive AEEG 84/2012 [45]. At present this national 
mandate stipulates to support disconnection and stay on grid 
frequency limits but could potentially be expanded. The 
advantage of GOOSE is that it is a multicast message (i.e. 
layer 2 protocol and not IP-based) and can be configured to 
transverse different IP-networks. 

 
Fig. 9. SCADA IEC 61850 control of BESS reactive power where the 
measurements from an IED on the HV side of a 0.4/12 kV transformer is used 
in a control loop, allowing the BESS and PV sub-grid to have unity power 
factor with the connected 12 kV grid. 

VI. FUTURE WORK 

A. CIM for information exchange with overlying systems 
To implement and verify the entire architecture described 

in Fig. 1 the VPP controller needs to translate received IEC 
61850 information to CIM to for interaction with overlying 
systems. The feasibility of including in a substation the 
middleware to semi-automatically translate IEC 61850 data to 
CIM is shown in [11] [46]. This would allow CIM to be used 
for communication between VPP application and utilities and 
market traders. In this way the topological origin and 
information content of the IEC 61850 data is preserved 
throughout all systems and applications using the data. 
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B. Real-time estimation of transfer capacity  
Application P of table I uses static limits to the allowed 

power transfer. With real-time information on the transfer 
capacity of the grid such static limits could be replaced with 
real-time assessments depending on the actual state of the 
grid. The RD&D platform includes a transformer supervision 
system mounted on the 12 kV transformers that enables real-
time reading of the transformer loading capacity, see Fig. 10. 
In this way DER could be allowed to send in more energy 
than permitted by static design limits. The loading capacity is 
calculated using temperature sensors and current and voltage 
measurements from the protection relay on the 12 kV and the 
BESS on the 0.4 kV side. During an overload the transformer 
supervision can also take over control of the BESS from the 
VPP controller and charge the BESS to mitigate the overload. 

 
Fig. 10. SCADA IEC 61850 control of BESS reactive power where the 
measurements from an IED on the HV side of a 0.4/12 kV transformer is used 
in a control loop, allowing the BESS and PV sub-grid to have unity power 
factor with the connected 12 kV grid. 

If also the real-time rating is calculated for lines in the grid, 
the hosting capacity for new production can be increased with 
50% to 100% depending on the production mix [47]. This 
could be by implementing IEC 61850 in the wireless 
temperature sensor network already present in the RD&D. It 
could also be done with tension cells that give an indication of 
the average temperature over a greater line segment [48]. 

VII. DISCUSSION 
With the introduction of low cost gateways and integration 

software the cost of implementing IEC 61850 has been 
reduced considerably. Several commercial SCADA systems 
support IEC 61850 and the standard is being developed 
further to cover substation to control centre communication as 
well. Other work has shown how to disperse part of the 
intelligence from control centre (CC) to other levels of the 
distribution grid using IEC 61850 compatible SCADA 
systems [44]. IEC 61850 therefore promises to provide a cost 
effective, flexible, open and extendable solution to a VPP 
providing grid services. This VPP could use bi-directional 
IEC 61850 communication to MV and LV substation, DER 
units as well as to demand-response providers. In the 
implemented IEC 61850 based architecture each server is able 
to connect to multiple clients. This mitigates today’s 
restrictions where grid related data is often only available to 
the DSO, requiring the VPP controller to be placed in their 
WAN and limiting the ability for market actors other than the 
DSO to operate a VPP for grid services. 

In this study the number of DER units to be integrated in 
the VPP was limited and only a small amount of information 
was required by the VPP controller. With wider vendor 
support for domain specific IEC 61850 extensions for wind, 
hydro and solar PV a flexible VPP controller would be 
created where additional information available from DER can 
be browsed and included in control algorithm as required to 
improve functionality and performance. 

As described in Section IV.C, IEC 61850 could in the 
future be extended with system management functionality that 
allows the DER, provided only with the VPP controllers IP-
address, to directly register itself with a VPP controller. The 
VPP controller would then be able to read out the services and 
capabilities of the DER and automatically include it in the 
VPP. This would allow regulators to mandate specific 
functionalities in future DER in a similar manner to the EU 
directives on eco-design [49]. The DSO could then provide 
the communication interface to customers applying for 
permission to connect PV or an Electric Vehicle (EV). The 
end users would be obliged to enter the IP-address in the DER 
user interface. The rest of the VPP configuration would be 
automatic. As the functionality and interface become 
standard, this approach would add only marginal to the DER 
cost but would enable wide scale use of grid services. 
Experience from the 1980’s with remote control of hot water 
boilers in Sweden and Switzerland show that customers worry 
little about such interactions if the basic service of an 
electrical device is not affected [50]. As long as there is no 
significant life-time shortening or increase in losses, it is thus 
plausible that end-users would care little if their PV converter 
or EV chargers are providing grid services like the grid 
reactive power support described in this paper. 

VIII. CONCLUSION 
To form a VPP, interoperability is required on 

communication, information, function, and business objective 
dimension. In order to achieve an efficient, flexible and 
scalable solution, the integration of the VPP functionality 
must be seamless maintaining the information content 
(semantics) throughout the information flow from process to 
operation and market actors, passing on the way several 
controllers and applications. It is shown that an architecture 
based on CIM and IEC 61850 can fulfill the basic VPP 
requirements. 

The IEC 61850 standard includes domain specific 
information models for most DER types. Proposals are given 
for system management extensions of the IEC 61850 standard 
to enhance the interaction between VPP and the distributed 
energy resources. With such extensions the IEC standard can 
contribute to seamless integration of the DER data to a VPP 
and ease integration to market applications when the VPP 
enables conversion between IEC 61850 and CIM. 

Finally the implementation of the communication and 
control architecture in a SCADA is described. Extensions of 
the standard are required to support scheduling, management 
and aggregation of DER for a VPP.  
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APPENDIX. REQUIRED INFORMATION AND SUGGESTED MAPPING TO IEC 61850 FOR THE APPLICATIONS OF TABLE I 

Information Table I Appl.  Description Data source IEC 61850 
B P L R Logical Nodes series part 

Predicted Production X X X  Bid on the day-ahead spot market. (24 bids placed 12 
a.m. for next day.) 

Forecasting tool used 
by Electricity retailersa  

Use of IEC 61850 not anticipated, although 
schedules from upcoming IEC61850-90-10, 
using FSCH, FSCC Logical Nodes could be 
used. 

Intraday correction of 
predicted Production 

X    Bid on intraday market. (One bid per hour, latest an 
hour before period starts.)   

Forecasting tool used 
by Electricity retailersa 

Battery storage State-
of-Charge 

X X X  Amount of Stored energy in BESS. Battery storage 
controller 

DBMS To be defined in 
upcoming  90-9  

Hydro reservoir water 
level 

X X X  Amount of Stored energy in hydro reservoir. Hydro plant producer 
or controller 

HLVL.LevM 7-410 

Real-time production 
of DER 

X X X X To determine accumulated production within present 
hour. Also used together with latest bid to estimate 
production for present hour. 

SCADA or DER 
controllers 

MMXU.TotW 
MMXU.TotVAr 

7-4 

Latest Regulating 
volume for price area 

Opt    To predict if over or under production (compared to 
prediction) will result in economic cost. 

Electricity market 
broker 

Use of IEC 61850 is not anticipated 

Weather data used for 
retailers prediction 

Op    Wind speed, rainfall, irradiation etc on which 
production prediction where based. Used to estimate 
if bids during present hour are accurate. 

Electricity retailers Use of IEC 61850 is not anticipated 

Real-time weather 
data 

Op    Actual weather data within hour to enable estimation 
of prediction error for present hour. 

Measurements at DER 
or metrological bureau 

MMET. HorWdSpd, 
DctInsol, CloudCvr 

7-4, IEC 61400-
25 

Long term production 
forecast 

Op    Optimize BESS State of Charge and hydro reservoir 
level (beyond 12-36 h period forecasted in spot bid) 

Electricity retailers or 
DSO/TSO forecasts 

Use of IEC 61850 not anticipated, although 
schedules from 90-10 possible  

Historical levels of 
power flow 

 X X  Determine if VPP shall attempt to lower peak flows 
to reduce tariff or losses. Based on historical hourly 
power flows or logged data.  

VPP controllers log of 
real time production 

VPP historical statistical 
information model of 
MMXU.TotW 

7-2 

Highest power flow 
during current month 

 X 
 

  Block power flow reduction if monthly maximum 
will not be exceeded. 

VPP controllers log of 
real time production 

VPP statistical information 
model of MMXU.TotW 

7-4 (and 7-1) 

Power flow in grid 
location(s)  

 X X  Determine if peak power flow and high losses are 
occurring.  

SCADA or IED meas-
urement within grid 

MMXU.TotW 7-4 

Real-time voltage at 
DER 

  Op  Calculate losses more accurately when voltage varies 
considerably at DER. 

SCADA, DER cont-
roller or IED near DER 

MMXU.PhV 7-4 

Reactive power in 
selected location(s)  

   X Reactive power flow at a point(s) in the grid for 
which reactive power exchange is to be optimized. 

SCADA or IED meas-
urement within grid 

MMXU.TotVAr 7-4 

Real-time voltage in 
grid 

   Op Calculate ΔQ required from DER to hold voltages in 
selected point(s) of the grid within limits. 

SCADA, IED in grid or
smart metering system 

MMXU.PhV 7-4 

Controls         

DER mapped to 
generic interface  

X X  
X 

 
X 

Managed using the Logical Nodes for DER 
supervisory control. 

VPP controller DRCC.OutWset.ctlVal. 
DRCC.OutVarSet.ctlVal  

7-420 

PV X X  
X 

 
X 

Use of immediate control functions to curtail produc-
tion and autonomous volt-var management modes. 

VPP controller 90-7 function INV2  
90-7 function VV12 

90-7 

Hydro X X  
X 

 
X 

Set-point control and control mode selection Logical 
Nodes from hydro governor and excitation regulation. 

VPP controller HGOV, FSPT.SptVal 
ACTM, FSPT.SptVal 

7-410 
7-510 

Wind X X  
X 

 
X 

Function specific Logical Nodes for active and 
reactive power control. 

VPP controller WAPC.PlWAct,SptPlW. 
WRPC.PIVarAct,SptPIVar 

IEC 61400-25 

Storage X X   Generic battery module or specific Logical Nodes for 
battery management system, modules and stacks. 

VPP controller ZBAT or DBAM, DBAS 
and DBMS 

7-420, 90-9, 90-
15 

a. In contrast to other sources like IEC Smart Grid Standardization Roadmap [29] the VPP is not by itself expected to make more than one  
hour forecasts. The energy traders are expected to use existing software for prognosis and the results thereof fed into the VPP controller. 
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Abstract. This paper describes the resonance introduced by 
harmonics amplification and adverse interaction of electronic 
converters. An observation of undamped oscillation leading to 
instability in a microgrid is described. The term “converter 
induced resonances” is proposed to describe this phenomenon.  
 
The amount of distributed generation, active loads, FACTS and 
battery energy storage systems are expected to increase in future 
Smart Grids. All these resources will be interfaced with 
electronic converters. The potential impact of converter induced 
resonances in such grids is described. 
 
A coordinated design of the control systems of all converters is in 
practice not feasible. Each device will be independently tested to 
fulfil grid codes and have its own converter control implemented 
that can include functionality to modify voltage and /or current 
waveform. 
 
Key words 
Microgrids, power electronic converters, power system 
harmonics, photovoltaics, battery storage 
 
Introduction 
With the presence of multiple power-electronic converters, 
situations can occur where the harmonics are amplified 
due to the interaction between converters. Normally, 
resonances in the power grid are between passive 
components like inductors and capacitors. Amplification 
of harmonic distortion due to such resonances has been the 
subject of many studies, also in the context of large scale 
integration of distributed generation [1, 2, 3, 4, 5]. Devices 
like solar PV inverters include active power electronic 
converters. Although the aim of each individual controller 
is to minimize harmonic levels the presence of multiple 
power electronic converters can lead to situations where 

the harmonics are amplified due to the interaction 
between the converters and their controllers [5]. 
 
Many Smart Grid visions of the future power systems 
anticipate large amounts of distributed generation 
connected at distribution level, active loads and storage 
units containing active power electronic converters as 
interfaces with the grid. Flexible Alternating Current 
Transmission System (FACTS) are expected to increase 
and become present also on medium voltage levels. Each 
converter uses it own control system tested to ensure 
stable operation under its expected operation 
environment. Such devices are often tested against a 
passive grid (in circuit theory terms: a voltage source 
behind impedance). In reality, other control systems are 
present as well, either in the grid itself or in other 
equipment connected to the grid. The presence of 
multiple control system could result in interaction 
between them, resulting in undamped oscillations. The 
term “electronic instability” has been used to refer to 
such a situation[6], [7]. The oscillations will not in all 
cases result in an unstable situation leading to an 
interruption of the power supply. Therefore the more 
general term “converter induced resonances” is here 
proposed to describe this phenomenon. 
 
One explanation put forward to describe this resonance is 
a combination of the active Power Factor Correction 
(PFC) converters nonlinear behaviour and the choices of 
parameter values in the regulator [8]. For example [9] 
reports that grid connected microgrid system with three 
distributed generation units under certain loading can 
experience large undamped oscillations that will cause 
instability when no proper control techniques are used. 
Further examples of high harmonic levels or instable 



operation are shown in [10, 11, 12]. Experience also shows 
that it is challenging to drive load with a lot of power 
electronics from a local generator. 
 
In normal operation of the grid, the voltage at the terminals 
of equipment is mainly determined by the grid and this 
will limit the impact of adverse interactions between 
control systems. The main risk of converter induced 
resonances occurs during island operation of part of the 
grid with a number of power electronic inverters (also 
known as “microgrid operation”). This is where converter 
is expected to occur first. According to [7] “if a large 
amount of power is fed to the grid through converters and 
an increasing part of the load uses inverters, then 
electronic instability of the entire grid cannot be 
excluded”. Such a situation becomes more likely in a weak 
grid, i.e. a grid with high source impedance. Even if the 
source impedance is low at power system frequency (50 or 
60 Hz) it might be high at harmonic frequencies due to 
resonances between capacitance and inductance.  
 
In principle such adverse interaction can be avoided in the 
design stage of the control system, e.g. by proper tuning of 
the various active and passive filters [13]. However, that 
requires a coordinated design of the control systems of all 
converters. This is in practice not feasible, as there are 
many different manufacturers involved and the number of 
combinations is too large to test them all. 
 
While the risk of converter induced resonance should not 
be exaggerated, the combination of off-the-shelf inverters 
in future building automation or Smart Grid systems may 
see an increased frequency of occurrence of such 
phenomena. In the case described in this paper, the 
oscillation could be mitigated by modification of one of 
the inverter control schemes. When used together in the 
hundreds or more the same equipment might exert a 
stabilizing influence [14], yet it is a concern how to verify 
such multi-inverter interactions without joint testing. 
 
Experimental microgrid 
The Smart Grid Research, Development and 
Demonstration (RD&D) is a three converter microgrid 
possible of operating in both island and grid connected 
modes, see Figure 1. 

 
Figure 1 Set-up of 30 kVA rated PV and BESS system. PV 
inverter works autonomously. For microgrid synchronisation the 
BESS measures voltage on the low voltage size of the 
transformer. The BESS is the voltage source of the microgrid and 
controls the CBR1 breaker, enabling island operation. 
 

PV inverter control 
Solar PV inverters are implemented with active power 
electronic converters in order to adjust frequency and 
current wave form to match that of the connected 
electrical grid. These inverters generally use pulse width 
modulation (PWM) controllers to generate sinusoidal 
output currents [5]. They will have multiple control loops 
to perform a variety of tasks. For a self-commutated 
voltage source converter the task traditionally include 
maximum power point tracking (MPPT), reactive power 
compensation, harmonic cancellation and protection 
against islanding [5]. Some inverters use the waveform 
shape of the supply voltage as a reference source. Since 
the controller wants the converter to behave as a 
resistance, the controller will force the current to follow 
the voltage profile. Harmonics in the voltage then 
provides harmonics in the PV output current.  
 
Only a stable electricity grid will permit large scale 
expansion of renewable energy. To maintain stability in a 
grid with large amounts of renewable electricity 
production also those production units will need to 
contribute to keeping the grid stable. As the proportion of 
production from PV has increased, countries like 
Germany (through e.g. Art. 6 of the 2009 German 
Renewable Energies Act, EEG) have required that PV 
inverters are able to provide also ancillary services. The 
services implemented in PV systems include: 

 autonomous and automatic power reduction based 
on locally measured increase of frequency  

 possibilities for larger plants for remote controlled 
power reduction from the grid operator in the case 
of overload.  

Static voltage support based on reactive power is also 
possible to either: 

 meet a fixed power factor defined by the grid 
operator 

 meet a power factor transmitted via a 
communication interface, adapted to the momentary 
needs of the grid 

 control of reactive power based on a predefined 
characteristic curve.  

 
In these ways the reactive power from PV inverters is 
used to reduce undesirable voltage increases in low and 
medium voltage grids. Also Low Voltage Ride Through 
(LVRT) functionality is being required, implying that the 
PV units remain connected to the grid during voltage 
drops and even support the grid by feeding reactive 
power during the disturbance. As the number and 
complexity of ancillary services increase also the 
complexity of the control algorithms of the PV inverters 
increase. 
 
The two 15 kVA solar PV inverters in the RD&D are 
three-phase transformerless grid tie inverters from a 
major supplier. Typically such a grid tie inverter has an 
on-board computer which will sense the voltage 
waveform of the grid and will inject current according to 
the available active power and the external reactive 
power commands to meet this waveform. In order to have 
a feedback of the current injected, the on-board computer 



will measure the current as well. This potentially creates a 
feed-back loop. 
 
The PV inverter includes grid support and several 
integrated grid management functions mainly in the form 
of reactive power provision which is in the RD&D used to 
keep the power factor near unity. The reactive power 
control capabilities of the PV inverters are activated and 
aimed at keeping the power factor near unity. Further 
information on the control of the PV inverter is not 
revealed by the manufacturer. 
 
BESS control 
The Battery Energy Storage System (BESS) Converter is 
based on two Voltage Source Converters (VSC) of 50 
kVA. The converter structure is based on a back-to-back 
three phase converter. One side of the converter is 
connected to the 20 kWh of Lithium-ion. The other side is 
connected to the grid through inductor filter and isolation 
transformer, see Figure 2. A LCL filter configuration is 
used as well to interface the grid. The capacitor in the 
output filter is required in microgrid mode in order to 
create a sinusoidal voltage output wave form when the 
microgrid has no load. The LCL configuration has shown 
to improve dynamic response and filtering action better 
than single inductor type [13]. The use of LCL filters also 
removes high order harmonics due to switching of VSC 
and allows controllers to shape output current and voltage 
[13]. The value of the capacitors used to filter the AC 
output depends on the maximum allowable harmonic 
content on the grid side in connected operation. These 
capacitors will also decrease the power factor consumed 
by the transformer without load. However, the use of 
capacitors will also introduce a resonance frequency in the 
filter. During the designing stage, this resonance is placed 
between the maximum controllable frequency and the 
switching frequency of the converter. 
 

 
Figure 2 BESS Converter and grid connection diagram. 
 
The DC-to-DC converter is a buck–boost converter that 
attempts to maintain a constant DC bus voltage on its 
output while the inverter is drawing a current that is in 
phase with, and at the same frequency as, the grid voltage. 
Thus the grid establishes voltage and frequency on the 
microgrid. In this case, the converter acts like a rotary 
machine connected to the grid, modifying the prime mover 
affects to real power and controlling the excitation of the 
machine is possible to set the reactive power injected. 
 
The converter switching technology is based on Insulated-
gate bipolar transistors (IGBTs) ensuring the bidirectional 
capabilities needed for both active and reactive mode as 
well as enabling island operation possibilities. 
 
The control strategy chosen when the BESS is connected 
to the grid mode is a traditional inner current control loop 
with an external power loop. The direct current component 
of the inner loop will affect to the real power 

consumed/injected to the grid and the quadrature 
component to the reactive power. This control strategy 
requires knowing the grid phase at each sampling time 
with precision. For achieving this issue a Phase Locked 
Loop (PLL) is also implemented, see Figure 2. 
 

 
Figure 3 Control diagram for grid onnected mode. 
 
In islanded mode, the BESS converter connected to the 
microgrid will set the voltage and frequency. Under 
unbalanced and nonlinear loads, the current harmonics 
can distort the voltage wave at the output of the 
converter. The control scheme tries to compensate 
unbalances in the microgrid voltage when it is in this 
mode and up to 13th harmonic. This control strategy is 
based on Clarke and Park transformations, PID 
(Proportional Integral Derivative) controllers, low pass 
and finally a notch filters to extract the voltage 
harmonics. The control scheme in island mode is 
depicted in Figure 4. 
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Figure 4 Basic control scheme for islanded operation. 
 
From the voltage measurements and the phase angle 
generated internally, voltage measurements are 
transformed in a D; Q coordinates system and then 
rotated synchronously with the microgrid phase. With 
these transformations, the voltages Vd and Vq appear 
constant in a rotating coordinates system. The harmonic 
content of the measured voltages is also rotated but with 
a different frequency in the transformed coordinate 



system, making it possible to extract the different 
harmonic content and sequences from the fundamental 
frequency. The notch filter is needed for doing this 
separation. Having all the components linearised and 
represented in d and q coordinates system it is possible to 
apply a traditional PID controller over each component. 
The output of each PID controller has to be 
anti transformed, accumulated with the other PIDs outputs 
and got into the antitransformation. The output of the 
current controller is anti-transformed one more time at 
50Hz before applying a Space Vector Pulse-Width 
Modulation (SVPWM) algorithm and finally transforming 
the output into a sinusoidal form.  
 
In order to simplify the scheme, the d and q values for 
each voltage and current have been represented with a 
single line diagram in Figure 5. 
 

 
Figure 5 Filters and rotations of harmonic loop control.  
 
An example of the harmonic filtering is given in Figure 6. 
 

 

 
Figure 6 Spectrum of voltage in island operation without (top) 
and with (bottom) harmonic filtering up to 11th harmonic.  

 

Observations 
The aim of the harmonic filtering algorithm described in 
the previous section is to keep the voltage in the 
microgrid sinusoidal during island operation. Still, high 
levels of harmonic distortion were observed when the 
BESS and the PV installation where operated together in 
island mode. The instability was first observed when the 
PV converters where injecting 10% of rated power or 
approximately 3kVA (1.5kVA each). At such low power 
output the generated current waveform from the PV is 
highly distorted according to Figure 7. 
 

 
Figure 7 Current injected by PV during grid connected 
operation and low power production (10 % of rated power). As 
can be observed, current is highly distorted at such low power 
production. 
 
The voltage waveform during island operation, when the 
2nd, 4th and 5th harmonic are filtered are given in Figure 8.  
 

 
Figure 8 Voltage (blue) and Current (yellow) with PV in island 
operation. PV is producing at 10 % at rated power and BESS 
converter is filtering 2nd, 4th and 5th harmonic. Current and 
voltage distortion in the microgrid is low compared to Figure 7. 
 
With the harmonic filtering algorithm of the BESS set to 
filter higher order harmonics (7th to 13th) the microgrid 
system becomes instable. The electronic converters 
interact, effectively seeing each other as disturbance and 
trying to compensate for each other’s contribution. This 
converter interactions constitutes in practice a “war of the 
converters” leading to converter induced instability as 
shown in Figure 9. Without disconnection of the PV 
converters the oscillation in the 7th harmonic lead to 
instability and grid collapse in island operation within a 
matter of seconds. 
 
In the case of resonances between passive components 
like inductors and capacitors the addition of a resistor 
generally helps to add some damping and reduce the 
distortion. Connection between phases of a 6 kW resistor 

Microgrid  
voltage  V7 Positive sequence feedback 

V5 Positive sequence feedback 

V1 Negative sequence feedback 

V5 Positive sequence feedback 

V7 Negative sequence feedback 

V1 Positive sequence feedback 



(twice the produced power from the PV) did not result in 
any observable improvement. This indicates that the 
resonances due to converter interaction behave different 
than the resonances from passive components.  
 
In effect the two inverters control algorithms see each 
other as disturbance and try to compensate for each other’s 
voltage and current profile modifications resulting in an 
oscillation. The oscillation was in this case resolved 
through modification of the control loop of the BESS, 
however with commercial converters integrated in future 
home, building energy automation systems or Smart Grids 
the converter control algorithms are not likely to be 
accessible for external partners, making such oscillations 
difficult to suppress. 
 
Stability 
It is shown that converter induced resonances can occur in 
a microgrid during island operation. Interaction and 
resonances in parallel converter systems have been 
described [15] where line currents can be severely 
distorted even when the control schemes and filter circuits 
are properly designed for a single converter system [16]. 
Such resonances occurring also in future Smart Grids with 
thousands of off-the shelf power converters cannot, 
directly, be ruled out. 
 
Resonance between the grid and LCL filter of the 
converters is a known source of instability [17] and must 
be handled when determining control strategies. Active 
damping is a solution [18], sometimes referred to as virtual 
resistance or virtual impedance [16] [19]. While more 
challenging to implement than filter based damping it also 
achieves lower losses [16]. Despite resonance in island 
operation (grid with near zero fault level) there would be 
no resonance possible for a grid with perfect voltage 

source (infinite fault level), as the two controllers cannot 
influence each other in the latter case. This implies that 
there must be a threshold fault level below which the 
resonance occurs. If this stability limit could be 
quantified in terms of source impedance an approach 
similar to the hosting capacity method could be applied 
[20] [21]. 
 
Discussion 
The implementation of a stable and well functioning 
control algorithm is important and the effect of ill 
conceived control schemes may be revealed 
unexpectedly. How the best practice of converter control 
can be transferred to minimum requirements on 
behaviour of single DER components is a question for 
further investigation. When there are 1000 different 
converters in a low-voltage grid), there are 1000*999/2 
(about half a million) possible interactions between two 
converters and 21000 (about 10300) possible interactions in 
total. Testing all possibilities is not practical, yet some 
degree of verification is required that instability will not 
occur or is sufficiently unlikely. 
 
In electrical grids with vast amounts of distributed energy 
resources testing of electronic converter behaviour and 
stability will be required to ensure interoperability. 
Requirements and testing should be part of the product 
standards for DER as well as for normal end-user 
equipment with active converters. If problems should 
occur, like equipment malfunctioning, damage, or 
reduced lifetime, when the number of convert controlled 
units on a grid increases, some adjustment may be needed 
as was done in the case described in this paper. 
 

Figure 9 Current with PV in island operation when 2nd to 13th harmonic are filtered by BESS. The interaction now results in high level 
of 7th harmonic resulting in resonance leading to converter induced resonance and eventual collapse of the microgrid. 



Conclusion 
Interaction of converters in a 30 kVA rated Smart Grid 
Research Development and Demonstration (RD&D) 
platform built with commercially available solar PV and 
battery storage converters have been experimentally shown 
to create oscillations when highly distorted current 
waveform is injected. The oscillation consisted of extreme 
high levels of voltage harmonics. The oscillations, as 
shown in this Figure 9 of this paper, have the potential to 
cause instability and subsequent collapse of the microgrid. 
The oscillations could not be damped by the insertion of a 
resistance, indicating that the resonances due to converter 
interaction behave different than the resonances from 
passive components.  
 
Distributed generation units, active loads, SVCs and future 
battery energy storage systems (BESS) within future Smart 
Grids are all likely to interface the grid with electronic 
converters. Each device will be independently tested to 
fulfil product standards, grid codes and have its own 
converter control implemented that possibly includes 
functionality to modify voltage and /or current magnitude 
and/or waveform. As the number of converters increases, 
and the complexity of their converter control increases to 
meet new grid code requirements, the possibilities of 
adverse interaction between converters increase. The term 
“converter induced resonances” is proposed for the 
amplification of harmonic distortion due to such adverse 
interaction. 
 
The results from trials in our RD&D confirm that these 
risks are real. It is unclear to the authors to what extent 
such oscillations could occur in larger grids. Theoretical 
studies are required to investigate whether such behaviour 
could occur also in low or medium voltage grids with very 
high penetration levels of distributed generators together 
with other converter control devices. It is further important 
to study how different parameters impact the risk and 
severity of the converter induced resonances. The impact 
of resistive load should be an important part of such 
studies. The initial results from the experiments show that 
the impact of resistive load is limited. 
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